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Ecotoxicological and physiological effects of salinity on amphibians  
 
Chairperson: Dr. Creagh W. Breuner 
 
Abstract 
  Salinity is a persistent anthropogenic contaminant that negatively effects freshwater species, 
communities, and ecosystems. High-salinity wastewaters from energy extraction (wastewaters) 
and road salts are major contributors to increased salinity (NaCl; sodium chloride), but most 
studies focus on effects of NaCl roads salts. Amphibians are particularly vulnerable to 
contaminants such as increased salinity because of their porous skin, dependence on freshwater, 
and poor osmoregulatory capacity. We investigated the relative effects of wastewaters and NaCl 
on three species of larval amphibians with acute toxicity experiments (Chapter 1). Effects of 
wastewaters on larvae were predominantly due to high concentrations of NaCl and both had 
negative effects on survival and growth of larvae. Information on the effects of salinity on 
amphibian eggs is limited. Therefore, we used chronic toxicity experiments to test the relative 
effects of wastewaters and NaCl on eggs and larvae of two amphibian species (Chapter 2). 
Effects of NaCl and wastewaters were comprehensive, but similar, and negatively influenced 
hatching of eggs and survival, growth, and behavior of larvae. Larvae that survived exposure to 
increased salinity were smaller, suggesting a growth-survival tradeoff. We tested the influence of 
salinity on growth, survival, corticosterone (CORT; a steroid hormone) responses, and tradeoffs 
among traits of a larval amphibian (Chapter 3). By experimentally suppressing CORT signaling, 
we demonstrate that CORT mediated a growth-survival tradeoff. Suppressing CORT reduced 
survival further than for controls, but effects of salinity on growth and development were 
attenuated. Because CORT enhanced survival and influenced fitness-related traits following 
exposure to salinity, it could be a marker of physiological stress. Therefore, we evaluated 
whether CORT could be used as a biomarker of individual and population condition for free-
living larval amphibians exposed to wastewaters (Chapter 4). We provide only weak evidence 
that we could detect changes in waterborne CORT for free-living amphibians exposed to salinity. 
We provide suggestions to improve collection methods, reduce variability, and avoid 
confounding effects of background CORT. Background CORT was pervasive, highly variable, 
and may affect the physiology of larval amphibians. Collectively, this work increases our 
understanding of the comprehensive negative effects of wastewaters and salinity on amphibians 
and their physiology.  
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A B S T R A C T   
Increasing salinity in freshwater environments is a growing problem due both to the negative influences of salts 
on ecosystems and their accumulation and persistence in environments. Two major sources of increased salinity 
from sodium chloride salts (NaCl) are saline wastewaters co-produced during energy production (herein, 
wastewaters) and road salts. Effects of road salts have received more attention, but legacy contamination from 
wastewaters is widespread in some regions and spills still occur. Amphibians are sensitive to contaminants, 
including NaCl, because of their porous skin and osmoregulatory adaptations to freshwater. However, similarities 
and differences between effects of wastewaters and road salts have not been investigated. Therefore, we 
investigated the relative influence of wastewaters and NaCl at equivalent concentrations of chloride on three 
larval amphibian species that occur in areas with increased salinity. We determined acute toxicity and growth 
effects on Boreal Chorus Frogs (Pseudacris maculata), Northern Leopard Frogs (Rana pipiens), and Barred Tiger 
Salamanders (Ambystoma mavortium). We posited that wastewaters would have additive effects on amphibians 
compared to NaCl because wastewaters often have additional toxic heavy metals and other contaminants. For 
NaCl, toxicity was higher for frogs than the salamander. Toxicity of wastewaters was also similar between chorus 
and leopard frogs. Only chorus frog survival was lower when exposed to wastewater compared to NaCl. Mass and 
length of leopard and chorus frog larvae decreased with increasing salinity after only 96 hours of exposure but 
did not for tiger salamanders. Size of leopard frogs was lower when exposed to NaCl compared to wastewater. 
However, growth effects were similar between wastewater and NaCl for chorus frogs. Taken together, our results 
suggest that previous studies on effects of road salt could inform future studies and management of wastewater- 
contaminated ecosystems, and vice versa. Nevertheless, effects of road salts and wastewaters may be context-, 
species-, and trait-specific and require further investigations. The negative influence of salts on imperiled am-
phibians underscores the need to restore landscapes with increased salinity and reduce future salinization of 
freshwater ecosystems.   
1. Introduction 
Increased salinity from anthropogenic sources, also described as 
secondary salinization, is an emerging stressor on freshwater environ-
ments (Dugan et al., 2017). Salinity, specifically increased chloride (Cl-) 
from sodium chloride salts (NaCl), has consistently increased in North 
American lakes (Dugan et al., 2017) and rivers over the past 50 years 
(Kaushal et al., 2005), but all types of freshwater ecosystems are subject 
to salinization (Hintz and Relyea, 2019). Salinity is a contaminant of 
particular concern because of its potential to persist and accumulate in 
environments (Dugan et al., 2017; Hintz and Relyea, 2019). 
Although the effects of road salts have received more attention, 
legacy and current contamination from domestic energy production are 
also potential hazards to freshwater ecosystems (Gleason and Tangen, 
2014; Lauer et al., 2016; Maloney et al., 2017; Vengosh et al., 2014). 
Saline wastewaters (herein, wastewaters) are a common byproduct of oil 
and gas extraction—more than 3.9 trillion liters per year of wastewaters 
are produced in the United States alone—and historical disposal prac-
tices and accidental spills have contaminated freshwater ecosystems in 
many areas (Cozzarelli et al., 2017; Gleason and Tangen, 2014; Maloney 
et al., 2017; Rozell and Reaven, 2012; Wanty, 1997). Wastewaters can 
contain high concentrations of NaCl and mixtures of heavy metals (e.g., 
* Corresponding author. 
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lead, selenium, strontium, antimony, and vanadium) and other con-
taminants (e.g., volatile organic compounds, hydrocarbons, and radio-
nuclides), dependent on their origin (Cozzarelli et al., 2017; Gleason and 
Tangen, 2014; Lauer et al., 2016; Maloney et al., 2017). Wastewaters are 
also used to reduce dust and deice roads in more than 13 states, which 
can then leach into surrounding ecosystems (Tasker et al., 2018). 
Despite historical and continued contamination, sparse information 
exists for the effects of wastewaters on wetland-associated species, 
especially freshwater vertebrates (Davis et al., 2010; Maloney et al., 
2017; Souther et al., 2014). The limited studies to date determined that 
wastewaters can decrease macroinvertebrate diversity (Preston and Ray, 
2017), amphibian survival and abundance (Hossack et al., 2017; Hos-
sack et al., 2018), and survival of Fathead Minnows (Pimephales prom-
elas; Cozzarelli et al., 2017). 
Road salts ostensibly have similar influences as wastewaters on 
freshwater ecosystems (reviewed in Hintz and Relyea, 2019) and NaCl is 
the primary constituent of road salts and wastewaters. Previous research 
on the effects of road salts could therefore guide management of 
wastewater-contaminated ecosystems. However, similarities and dif-
ferences between effects of wastewaters and road salts have not been 
directly investigated. Other contaminants common to wastewaters could 
have additive or synergistic effects with NaCl (Beal et al., 1987; Farag 
and Harper, 2014). For example, studies with Wood Frogs (Rana syl-
vatica) and Boreal Chorus Frogs (Pseudacris maculata) highlight the po-
tential for interactive effects between Cl- and other contaminants 
because survival was lower than expected for exposure to Cl- alone 
(Hossack et al., 2017; Snodgrass et al., 2008). 
Amphibians, particularly their early life history stages, are sensitive 
to increased salinity because of their iono- and osmoregulatory adap-
tations to freshwater environments. Larval amphibians are hyper-
osmotic relative to their environment (Shoemaker and Nagy, 1977; 
Ultsch et al., 1999), therefore they are constantly exchanging water and 
ions with their aquatic environment through their gills and permeable 
skin. Increased conductivity from salinity or other contaminants can 
disrupt ionic and osmotic homeostasis of aquatic species (e.g., Brooks 
and Mills, 2003; Sola et al., 1995; Wilson and Taylor, 1993). Because of 
their sensitivity, amphibians are ideal model organisms to understand 
the influences of increased salinity and wastewaters on aquatic verte-
brates (Hopkins, 2007). However, our understanding of the effects of 
disparate sources of increased salinity on amphibians is still limited. 
Determining tolerances and sublethal effects of salinity from dispa-
rate sources on amphibians may help predict population-level effects 
and changes in aquatic communities to guide future research and 
enhance conservation and remediation efforts. Therefore, our objective 
was to determine the relative influences of wastewaters and NaCl on 
survival and growth of larval amphibians in prairie wetlands from the 
Williston Basin, a large energy reserve in central North America where 
wastewater contamination is pervasive (Gleason and Tangen, 2014). We 
posited that wastewaters would have additive effects compared to NaCl 
because of additional contaminants found in wastewaters. However, if 
effects of wastewaters are predominantly due to NaCl, previous studies 
on effects of road salt could inform future studies and management ef-
forts for ecosystems contaminated by wastewaters. 
2. Methods 
2.1. Study organisms, egg collection, and husbandry 
We studied three amphibian species native to the Prairie Pothole 
Region (PPR) of north-central North America: Boreal Chorus Frogs 
(herein, chorus frogs; Pseudacris maculata), Northern Leopard Frogs 
(herein, leopard frogs; Rana pipiens), and Barred Tiger Salamanders 
(herein, tiger salamanders; Ambystoma mavortium). All three amphibian 
species are widely distributed in northern and western North America, 
where they are likely to experience salt contamination from different 
sources (e.g., road salts or wastewaters). Leopard frogs were historically 
one of the most widespread amphibian species but have declined in 
distribution in the Great Plains during the last 50 years (Corn and 
Fogleman, 1984; Kendell, 2004; Rorabaugh, 2005; Seburn and Seburn, 
1998; Werner, 2003). Contaminants have been suggested as a contrib-
uting factor to declines of leopard frogs in the Canadian Great Plains 
(Wilson et al., 2008). Tiger salamanders and chorus frogs are generally 
common throughout their range, but their occurrence and abundance 
can be influenced by wastewater contamination in Montana and North 
Dakota within the PPR (Hossack et al., 2018). 
To stock experiments, full or partial egg masses (chorus and leopard 
frogs) or early developmental stage larvae (tiger salamanders) were 
collected from 2 uncontaminated wetlands per location (< 32 mg Cl-/L, 
the lower limit of detection; Table 1). We collected tiger salamanders as 
larvae because we were unable to locate their eggs. We standardized 
collection of salamanders to a developmental stage of 12 because this 
was the earliest and most common stage at the time of collection 
(following the staging table of Watson and Russell, 2000). We measured 
Cl- concentrations of source waters where species were collected using 
Hach QuanTab Cl- titration test strips (ranges: 32–600 [“low”] and 
300–6,000 [“high”] mg Cl-/L; Hach Co., Loveland, Colorado, USA). Test 
strips have a reported accuracy of ± 10%, but 30 samples tested with 
both titration strips and in the laboratory had a strong relationship with 
each other in a previous study (R2 = 1.00; Hossack et al., 2018). 
We conducted experiments over two years (2018 and 2019) and in 
different places in each year (US Fish and Wildlife Service Crosby 
Wetland Management District in North Dakota or University of Montana 
Fort Missoula Research Station in Montana, USA; Table 2), but labora-
tory and rearing conditions were the same (21 ◦C with a 14:10 h, light: 
dark cycle). Egg masses and larvae were placed in water from collection 
sites and kept cool with ice packs during transport to the laboratory. 
Tiger salamander larvae were held in individual 1-L containers and 
acclimated to laboratory conditions prior to initiating experiments. Eggs 
of frogs were reared in 15-L plastic tubs filled with 10 L of tap water 
treated with Tetra AquaSafe Plus to remove chloramines (following 
manufacturer instructions) and acclimated to room temperature. Chlo-
ride concentration of tap water was < 32 mg Cl-/L (the lower limit of 
detection). After hatching, frog larvae were fed Tetramin fish food ad 
libitum. Tiger salamander larvae were fed Black Worms (Lumbriculus 
variegatus) ad libitum prior to initiating experiments. 
2.2. Acute toxicity experiments 
We estimated acute toxicity across a wide range of environmentally 
relevant concentrations of Cl- for NaCl and wastewaters (generally 
0–8,000 mg Cl-/L; Table 2) using standardized LC50 (96-h) experiments 
(herein, LC50 tests). To make clear comparisons between the two types of 
salinity, we used equivalent Cl- concentrations in wastewater and NaCl 
treatments. We conducted experiments in two years because of complete 
separation in the survival data for some species (all larvae were either 
alive or dead per concentration) that occurred in the first year, which 
caused problems fitting statistical models. Therefore, to fill in the gaps in 
exposure that occurred in year one, we conducted LC50 tests at smaller- 
Table 1 
Collection locations in Montana (MT) and North Dakota (ND), USA, for eggs 
(leopard and chorus frogs) and larvae (tiger salamanders). For ‘Site,’ WPA =
Waterfowl Production Area and NWR = National Wildlife Refuge. Latitude and 
longitude coordinates are WGS84.  





MT 48.84751 −104.13152  
2018 Norman WPA ND 48.70719 −102.92881 
Leopard frog 2018 Lostwood NWR ND 48.67146 −102.48624  
2019 Pary WPA MT 48.59028 −104.08496 
Chorus frog 2018 Near Moran WY 43.83300 −110.35500  
2019 Near Moran WY 43.83300 −110.35500  
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concentration increments testing fewer concentrations in year two 
(Table 2). We collected salamander larvae and exposed them to a wide 
range of wastewater concentrations in 2019 but removed the data from 
our study because of high mortality in controls (US Environmental 
Protection Agency, 2002). 
To make treatment solutions, we first treated room temperature tap 
water with Tetra AquaSafe Plus to remove chloramines (herein, lab 
water). For NaCl treatments, we created a stock solution of 20 g Cl-/L by 
mixing 33 g NaCl (ACS certified > 99.0% purity) per liter of lab water. 
Aliquots of the stock solution were diluted with lab water to match 
desired exposure concentrations. For wastewater treatments, we 
collected and mixed water from two highly contaminated sites within 
Rabenberg Waterfowl Production Area near Westby, Montana (each 
~12,000 mg Cl-/L). We diluted aliquots of the wastewater mixture with 
lab water to meet desired exposure concentrations. We measured Cl- 
concentrations before and after the experiment using Hach QuanTab Cl- 
test strips. Experimental units were individual larvae in a ~300 ml 
plastic cup with 200 ml of treatment solution. We marked each cup at 
200 ml and added lab water to maintain the volume in each cup 
throughout the experiment and avoid changes in Cl- concentration due 
to evaporation. We checked volumes regularly, but adding fresh lab 
water to individual cups was necessary < 5 times. 
Measured concentrations for all treatments were close to targeted 
concentrations and did not differ between the beginning and end of 
experiments. Control treatments were always below detection limits for 
Cl- (< 32 mg Cl-/L). Mean concentrations of treatments for NaCl and 
wastewater were within 2.6% of nominal concentrations (95% confi-
dence interval [CI] = 2.0–3.2%). Mean difference in Cl- concentrations 
between initiation and after experiments was -6 mg Cl-/L (95% CI =
-29–17 mg/L). 
We initiated experiments with tiger salamanders 48 h after capture 
(at a developmental stage of 12; Watson and Russell, 2000) to first 
acclimate them to laboratory conditions. We initiated experiments with 
frogs when larvae reached Gosner stage 25 (Gosner, 1960), which is 
when independent feeding begins. We selected these stages because we 
were unable to collect tiger salamander eggs and had to wait until sal-
amanders hatched and larvae were available to capture. Although 
staging tables of larval salamanders and frogs have different scales, all 
larvae were at generally comparable stages and were free swimming and 
feeding. We also selected these stages because they match previous LC50 
studies with NaCl and amphibians (e.g., Collins and Russell, 2009; Sanzo 
and Hecnar, 2006). 
Larvae were randomly selected and assigned to each treatment 
combination (Table 2) and exposed to treatments for 96 h. Following 
standard acute toxicity protocols, we did not feed larvae during the 
experiment (ASTM Standard E47, 2008). We checked mortality at 6 h 
intervals for the first 24 h, and then every 24 h thereafter until termi-
nating the experiment at 96 h. We considered larvae dead if they were 
unable to right themselves or were unresponsive to repeated prodding 
and removed them from the experiment. We ensured morality of larvae 
removed from the experiment and euthanized all live larvae at the end of 
the experiment (at 96 h) using MS-222 (tricaine methanesulfonate). We 
measured snout-vent length (herein, SVL; mm) and mass (g) of larvae 
that survived the 96-h exposures immediately following euthanization 
(n = 21, 115, and 55 for tiger salamanders, leopard frogs, and chorus 
frogs, respectively). 
2.3. Statistical analyses 
We used Bayesian generalized linear models (‘bayesglm’) in the 
package ‘arm’ (Gelman et al., 2018) to investigate the influences of 
wastewater, NaCl, or both on survival. We used Bayesian binomial lo-
gistic regression with a weakly informative Cauchy prior distribution 
because it enables convergence when partial or complete separation 
occurs (Gelman et al., 2008). Each individual was entered as alive or 
dead (1 or 0, respectively) with their respective covariates (concentra-
tion, treatment, SVL, mass, and location of experiment). For leopard and 
chorus frogs, we investigated the influence of concentration and treat-
ment (wastewater or NaCl) separately per species and included a factor 
for location. We estimated concentrations at which 10, 50, and 90% 
mortality occurred (LC10, LC50, and LC90, respectively) separately per 
species and treatment (NaCl or wastewaters) using the ‘effects’ package 
(Fox, 2003). We used linear regression to estimate the influence of 
concentration and treatment on size of larvae (SVL and mass) that sur-
vived 96-h exposures. For both the survival and size analyses for both 
frogs, we compared additive (concentration + treatment) and interac-
tive (concentration × treatment) models with likelihood ratio tests 
(’lrtest’ in the package ’lmtest’; Hothorn et al., 2019). We conducted all 
analyses in program R v3.6.3 (R Core Team, 2019). 
3. Results 
3.1. Toxicity of NaCl and energy-related wastewaters 
Probability of survival of all species decreased with increased salinity 
(p < 0.026; Fig. 1A–C and Table 3) and survival was 100% in all control 
groups. Most mortalities in treatments occurred in the first 24 h of 
exposure. Additive models fit the survival data better than interactive 
models (p > 0.609; Table 4), which indicated that differences between 
NaCl and wastewater treatments were consistent across our range of 
concentrations. Probability of survival did not differ between NaCl and 
wastewaters for leopard frogs (p = 1.00; Fig. 1A&B and Table 3), but 
differed for chorus frogs (p = 0.004; Fig. 1C). For wastewaters, chorus 
frogs had a lower mean LC10 and LC50 value than leopard frogs, but 
leopard frogs had a lower mean LC90 (Table 5). For NaCl, leopard frogs 
had the lowest mean LC10, LC50, and LC90 values followed by chorus 
frogs and then tiger salamanders. 
Table 2 
Locations and number of experimental units (‘No. units’) per type of treatment (‘Type’; Wastewater or NaCl), nominal concentration (mg Cl-/L), and year for larval 
tiger salamanders, chorus frogs, and leopard frogs. ‘Total units’ describes the total number of experimental units in that subset. For ‘Location,’ CWMD = US Fish and 
Wildlife Service Crosby Wetland Management District and FMRS = University of Montana Fort Missoula Research Station. Ranges of nominal concentrations indicate a 
sequence of concentrations increasing at intervals of 1,000 mg Cl-/L.  




Type Nominal concentration 
Tiger salamander 2018 CWMD ND 3 21 NaCl 0 and 2000–7000 
Leopard frog 2018 CWMD ND 10 90 Wastewater 0, 1000–8000  
2018 CWMD ND 10 90 NaCl 0, 1000–8000  
2019 FMFRS MT 10 30 Wastewater 0, 4200, 4600  
2019 FMFRS MT 10 30 NaCl 0, 4200, 4600 
Chorus frog 2018 CWMD ND 4 36 Wastewater 0, 1000–8000  
2018 CWMD ND 4 36 NaCl 0, 1000–8000  
2019 FMFRS MT 4 16 Wastewater 0, 3500, 4500, 5500  
2019 FMFRS MT 4 16 NaCl 0, 3500, 4500, 5500  
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3.2. Sublethal effects of NaCl and energy-related wastewaters 
Increased salinity inhibited growth (SVL and mass) of leopard and 
chorus frogs, but not tiger salamanders (Figs. 2 and 3A–C and Table 3). 
Effects of increased salt concentration on SVL and mass did not differ 
between NaCl and wastewater treatments for chorus frogs (p > 0.390; 
Table 3). Mean mass and SVL of chorus frogs in controls was 1.58 times 
heavier and 1.21 times longer than those in 5,000 mg Cl-/L, respec-
tively. However, for leopard frogs, exposure to NaCl decreased SVL and 
mass more than exposure to wastewaters (p < 0.012; Table 3). Mean 
mass of leopard frogs in controls was 1.79 and 1.31 times heavier than 
those in 4,200 mg Cl-/L NaCl or wastewater treatments, respectively. 
Mean SVL of leopard frogs in controls was 1.19 and 1.04 times longer 
than those in 4,200 mg Cl-/L NaCl or wastewater treatments, respec-
tively. We did not quantitatively measure behavior but observed that 
larvae in higher concentrations of wastewater and NaCl (≥ 5,000 mg 
Cl-/L) were more lethargic, less responsive to prodding, and often found 
lying on their side on the bottom of their cup. A few larvae also had bent 
tails and flushed skin. 
4. Discussion 
4.1. Toxicity of NaCl and energy-related wastewaters 
We exposed amphibian larvae from the Prairie Pothole Region (PPR) 
Fig. 1. Mean probability of survival (+/– 95% confidence intervals) after 96-h 
exposure to wastewaters (blue solid lines), sodium chloride (NaCl; orange 
dashed lines), or both for larval (A) tiger salamanders, (B) leopard frogs, and 
(C) chorus frogs. The dashed horizontal line indicates where 50% probability of 
survival (LC50) occurs for each species. Probability of survival only differed 
between NaCl and wastewaters for chorus frogs. 
Table 3 
Summary statistics for Bayesian generalized linear models (for survival; logit scale β’s and standard errors [SE] with associated z-values) and linear models (for mass 
and snout-vent length [SVL]; normal scale β’s and with associated t-values) investigating the influence of treatment (wastewater or NaCl) and concentration (mg Cl-/L) 
on survival, mass, and SVL of larval tiger salamanders, chorus frogs, and leopard frogs.  
Species Trait Variable β SE df z / t p 
Tiger salamander Survival Concentration −0.0034 0.0015 20 −2.23 0.026  
Mass Concentration −1.18E-05 1.60E-05 13 −0.73 0.476  
SVL Concentration −0.0003 0.0003 13 −0.89 0.392 
Leopard frog Survival Concentration −0.0077 0.0027 236 −2.86 0.004   
Treatment 1.70E-15 0.7633 236 0.00 1.000  
Mass* Concentration −1.60E-05 4.89E-06 110 −3.28 0.001   
Treatment 0.0147 0.0169 110 0.87 0.388   
Concentration × Treatment −1.66E-05 6.50E-06 110 −2.55 0.012  
SVL* Concentration −0.0002 0.0001 110 −2.57 0.012   
Treatment 0.6330 0.2030 110 3.12 0.002   
Concentration × Treatment −0.0003 0.0001 110 −4.23 < 0.001 
Chorus frog Survival Concentration −0.0026 0.0006 100 −4.41 < 0.001   
Treatment 2.7148 0.9378 100 2.90 0.004  
Mass Concentration −1.47E-05 5.44E-06 51 −2.70 0.009   
Treatment −0.0027 0.0186 51 −0.14 0.886  
SVL Concentration −0.0002 0.0001 51 −2.31 0.025   
Treatment −0.2864 0.3302 51 −0.87 0.390  
Table 4 
Summary statistics for likelihood ratio tests comparing interactive (concentra-
tion × treatment) and additive (concentration + treatment) models investi-
gating the influence of treatment (wastewater or NaCl) and concentration (mg 
Cl-/L) on survival, snout-vent length (SVL), and mass of larval chorus and 
leopard frogs. All model comparisons differed by 1 degree of freedom. Bold 
values indicate where the interactive model was used instead of the additive 
model.  
Species Trait χ2 p 
Leopard frog Survival 0.01 0.917  
Mass 6.59 0.010  
SVL 15.12 < 0.001 
Chorus frog Survival 0.26 0.609  
Mass 0.65 0.421  
SVL 0.22 0.638  
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of North America to an environmentally relevant range of Cl- concen-
trations (0–8,000 mg Cl-/L) to determine the relative toxicity and sub-
lethal effects of NaCl and wastewaters. Survival declined steeply 
between 4,000–5,000 mg Cl-/L of wastewater or NaCl for both frogs. For 
NaCl, tiger salamanders had the highest LC values and widest interval of 
Cl- concentrations between LC10 and LC90 values compared to both 
frogs. Chloride concentrations that were lethal to the species we studied 
can be far surpassed in areas contaminated by road salts (maximum 
13,500 mg Cl-/L; Ohno, 1990) and wastewaters (maximum 31,660 mg 
Cl-/L in North Dakota; Gleason and Tangen, 2014). Therefore, 
contamination from road salts and wastewaters could make some 
aquatic ecosystems uninhabitable for the species we studied. 
Mean LC50 values were similar for leopard and chorus frogs and only 
slightly higher for tiger salamanders, but all were higher than those 
documented for congeners of the same developmental stage (Gosner 
stage 25; Gosner, 1960). The median LC50 for Spring Peepers (Pseudacris 
crucifer) exposed to NaCl road salt was 2,830 mg Cl-/L (Collins and 
Russell, 2009), compared to a mean of 4,834 mg Cl-/L for chorus frogs 
(P. maculata) exposed to NaCl in our study. The median LC50 for Green 
Frogs (Rana clamitans) exposed to NaCl road salt was 3,100 mg Cl-/L 
Table 5 
Estimated mean (+/– 95% confidence intervals) 96-h lethal concentration values (mg Cl-/L) for 10% (LC10), 50% (LC50), and 90% (LC90) mortality for larvae exposed 
to wastewater or NaCl.  
Species Treatment LC10 LC50 LC90 
Tiger salamander NaCl 4850 (16–5485) 5492 (4212–6853) 6132 (5499–11130) 
Leopard frog Wastewater 3854 (3197–4021) 4141 (3947–4352) 4427 (4257–5125)  
NaCl 3854 (3197–4020) 4141 (3947–4352) 4427 (4257–5125) 
Chorus frog Wastewater 2925 (1972–3407) 3779 (3267–4241) 4633 (4316–5458)  
NaCl 3980 (3140–4434) 4834 (4371–5332) 5689 (5216–6616)  
Fig. 2. Mean snout-vent length (SVL; +/– 95% confidence intervals) after 96-h 
exposure to wastewaters (blue solid line), sodium chloride (NaCl; orange 
dashed line), or both for larval (A) tiger salamanders, (B) leopard frogs, and (C) 
chorus frogs. The relationship between chloride concentration (mg Cl-/L) and 
SVL was statistically significant for leopard and chorus frogs and only differed 
between wastewaters and NaCl for leopard frogs. 
Fig. 3. Mean mass (+/– 95% confidence intervals) after 96-h exposure to 
wastewaters (blue solid line), sodium chloride (NaCl; orange dashed line), or 
both for larval (A) tiger salamanders, (B) leopard frogs, and (C) chorus frogs. 
The relationship between chloride concentration (mg Cl-/L) and mass was 
statistically significant for leopard and chorus frogs and only differed between 
wastewaters and NaCl for leopard frogs. 
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(Collins and Russell, 2009), compared to a mean of 4,141 mg Cl-/L for 
leopard frogs (R. pipiens) in our study. One of the only Ambystoma spp. 
with a known LC50 is the Spotted Salamander (A. maculatum), which had 
a median LC50 value of 1,170 mg Cl-/L (Collins and Russell, 2009). In 
another study, larval tiger salamanders in Washington State could 
“tolerate” 10,290 mg Cl-/L, but these larvae were collected in 
high-salinity ponds between ~7,000–8,000 mg Cl-/L and had ostensibly 
acclimated prior to capture (Gasser and Miller, 1986). The LC50 value for 
tiger salamanders exposed to NaCl in our study was 5,492 mg Cl-/L, but 
these larvae were not previously acclimated to high-saline conditions. 
The differences in tolerance for tiger salamanders and leopard frogs, 
compared to closely related species, could have resulted from local 
adaptions to naturally occurring salts or occurring in areas contami-
nated by wastewaters for many years. Some water bodies in the PPR (<
10%; Gleason and Tangen, 2014) are dominated by naturally occurring 
sulfate salts, and salinity can vary within and across years (SO42-; e.g., 
magnesium, sodium, or calcium sulfate; Swanson, 1988). Chloride salts 
also naturally occur in North Dakota and Montana water bodies but have 
increased in the past 60 years because of wastewater contamination 
(Gleason and Tangen, 2014). Adaptations to saline conditions can 
evolve rapidly in amphibian populations (e.g., 40–70 years; Brady, 
2012). Divergent and adaptive responses to salt exposure have been 
documented for several amphibian species. For example, coastal 
American Green Tree Frog (Hyla cinerea) and Rough-skinned Newt 
(Taricha granulosa) populations had higher tolerances or were less 
physiologically reactive to salinity than inland populations (Albecker 
and McCoy, 2017; Hopkins et al., 2016). However, the chorus frogs in 
our study were collected from an area without a history of secondary 
salinization and still had higher LC50 values than closely related Spring 
Peepers. Therefore, species-level comparisons for salt tolerance—even 
among congeners—may not be particularly informative. Further in-
vestigations are necessary to gain a more-complete understanding of 
inter- and intraspecific differences in salinity tolerances. 
Larvae of the three species we studied occur in wetlands with 
wastewater contamination, but this varies by species with the maximum 
Cl- concentration up to ~5,000 mg Cl-/L for tiger salamanders (Hossack 
et al., 2018). However, concentrations that influenced amphibian 
abundance in wetlands were lower than concentrations that influenced 
survival in our study (Hossack et al., 2018). The differences between 
field and laboratory results may be related to the use of different metrics 
(abundance compared to survival), timing and length of time of expo-
sure, or behavioral effects of Cl- that could increase vulnerability to 
predation in natural settings (Collins and Russell, 2009; Denoël et al., 
2010; Hall et al., 2017; Kearney et al., 2016; Sanzo and Hecnar, 2006). 
Only chorus frog survival was more sensitive to wastewaters than 
NaCl in our study. A previous study of chorus frog survival also indicated 
that they were more sensitive to wastewaters from the Williston Basin 
than to Cl- alone (Hossack et al., 2017). In studies that compared road 
salts to NaCl alone, larval amphibians were equally sensitive to road 
salts and NaCl despite NaCl being the predominant component of road 
salt and wastewaters (Jones et al., 2015; Winkler and Forte, 2011). We 
are uncertain why only one species was more sensitive to wastewater 
than NaCl but the capacity to tolerate increased NaCl, other contami-
nants in wastewaters, or conductivity may be species-specific and 
depend on differences in phylogeny, behavior, size, and physiology 
(Egea-Serrano et al., 2012; Hopkins and Brodie, 2015). For ionic and 
osmotic imbalances, physiological responses include changes in hor-
mone regulation, plasma osmolarity, water uptake, and ATPase activa-
tion (Hopkins et al., 2016; Shoemaker and Nagy, 1977; Uchiyama and 
Konno, 2006; Ultsch et al., 1999; Warburg, 1995; Wu et al., 2014). 
Wastewaters from our study area (Williston Basin) contain various 
mixtures of chromium, lead, selenium, strontium, and other toxic heavy 
metals (Beal et al., 1987; Farag and Harper, 2014) that can be taken up 
and accumulate in amphibian tissues, dependent upon feeding traits 
(Smalling et al., 2019). Independently, metals can negatively influence 
sodium regulation in fishes (Sola et al., 1995; Wilson and Taylor, 1993) 
and survival and development in amphibians (Freda, 1991; Lanctôt 
et al., 2016; Lefcort et al., 1998; Weir et al., 2016). Conductivity of 
wastewaters in the Williston Basin are also typically higher than those of 
aqueous NaCl (Gleason and Tangen, 2014). Higher conductance may 
influence osmotic regulation of amphibians independent of NaCl con-
centration by interfering with ion or water exchange through the skin 
(Chambers, 2011; Ultsch et al., 1999). 
4.2. Sublethal effects of NaCl and energy-related wastewaters 
For frogs, growth of larvae that survived 96-hr experiments 
decreased with increasing concentrations of wastewater and NaCl. 
Smaller size of larvae can decrease subsequent fitness (Altwegg and 
Reyer, 2003; Cabrera-Guzmán et al., 2013; Semlitsch et al., 1988). 
Compensatory growth can sometimes offset potential costs for some 
amphibians (Capellan and Nicieza, 2007; Hector et al., 2012), but 
exposure to salt during late-larval stages can inhibit compensatory 
growth (Hall et al., 2017; Kearney et al., 2014). Effects of wastewater 
and NaCl differed only for leopard frogs. As for survival, this difference 
could be related to the additional contaminants in wastewaters or 
species-specific differences in tolerance to contaminants. It may also 
take longer than 96 h for differences in growth between NaCl and 
wastewaters to manifest for some species. The different responses could 
also be related to variation in our experiment because how species 
responded to wastewater or NaCl depended on the trait (i.e., we 
observed effects on survival or growth, but not both). Although effects of 
wastewater and NaCl were statistically different for leopard frogs, dif-
ferences between the two treatments were small and may have indis-
tinguishable effects in situ. Nevertheless, sublethal effects of wastewater 
seemed driven primarily by NaCl for chorus frogs because growth effects 
did not differ between wastewaters and NaCl. 
Although anecdotal, increased salinity seemed to fatigue larvae and 
reduce their activity. Activity of several other amphibian species was 
also reduced when exposed to increased salinity (Collins and Russell, 
2009; Denoël et al., 2010; Jones et al., 2017; Sanzo and Hecnar, 2006). 
Reductions in movement can reduce feeding, increase predation risk, 
and decrease survival (Collins and Russell, 2009; Dickman and Christy, 
2002; Gomez-Mestre and Tejedo, 2003; Kearney et al., 2016). As dis-
cussed in Sanzo and Hecnar (2006), Cl- LC50 values for predators (e.g., 
invertebrates and fishes) are typically higher than those of 
larval-amphibian prey. Decreased ability of prey to respond to preda-
tors, combined with lower survival of prey relative to predators, could 
intensify the influences of salinity on amphibian populations. 
5. Conclusions 
Even though salinity is a ubiquitous anthropogenic stressor, we still 
have a limited understanding of the effects of freshwater salinization on 
vertebrate growth and survival (Brittingham et al., 2014; Hintz and 
Relyea, 2019; Souther et al., 2014). Our experiments with amphibian 
larvae illustrated that effects vary among species and Cl- concentrations 
and marginally between NaCl and wastewaters. Pairing experimental 
and field studies in the same study system is crucial to identify mecha-
nisms and connect patterns of sensitivity, thereby enabling a more 
complete understanding of effects of stressors. Because effects of 
wastewater were predominantly due to NaCl, previous research on the 
effects of NaCl and road salts may be useful to guide conservation and 
remediation efforts in areas affected by energy development and other 
sources of secondary salinization. However, generalizations comparing 
effects of wastewater to NaCl on amphibians will require further in-
vestigations because this is only the second study to investigate 
amphibian tolerances for wastewaters. Despite the need for further in-
vestigations, our study provides benchmarks for acute toxicity of 
wastewater and NaCl contamination for these species. The persistence 
and negative influence of salinity in freshwater ecosystems demon-
strates the need to restore affected landscapes and develop alternative 
B.J. Tornabene et al.                                                                                                                                                                                                                           
Aquatic Toxicology 228 (2020) 105626
7
solutions to reduce the salinization of freshwater ecosystems (Schuler 
et al., 2018). 
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Comparative effects of energy-related saline wastewaters and NaCl on  
hatching, survival and fitness-associated traits of two amphibian species 
 
Brian J. Tornabene, Creagh W. Breuner, and Blake R. Hossack 
 
ABSTRACT 
Increased salinity (sodium chloride; NaCl) is a prevalent and persistent contaminant that 
negatively affects freshwater ecosystems. Although most studies focus on effects of salinity from 
roads salts, wastewaters from energy extraction (wastewaters) could be more harmful because 
they contain NaCl and other toxic components. Amphibians are highly sensitive to salinity and 
their eggs are thought to be most sensitive. However, there are few investigations that include 
eggs and larvae sequentially in long-term exposures. We investigated the relative effects of 
wastewaters from a large energy reserve, the Williston Basin (USA), and NaCl on northern 
leopard (Rana pipiens) and boreal chorus (Pseudacris maculata) frogs. We exposed eggs to 
salinity and tracked responses through larval stages (for 24 days). Wastewaters and NaCl 
reduced hatching and larval survival, growth, development, and activity while also increasing 
deformities. Chorus frog eggs and larvae were more sensitive to salinity than leopard frogs. 
Contrary to previous studies, eggs of both species were less sensitive to salinity than larvae. 
Notably, effects of wastewaters on amphibians were predominantly due to NaCl rather than other 
components. Therefore, effects from other sources of increased salinity (e.g., road salts) could 




 Salinity, specifically increased chloride (Cl-) from sodium chloride (NaCl) salts, is a 
persistent anthropogenic contaminant that negatively affects freshwater species, communities, 
and ecosystems (Dugan et al., 2017; Hintz and Relyea, 2019; Jones et al., 2017). Over the past 
50 years, salinity has consistently increased in waterbodies (Dugan et al., 2017; Kaushal et al., 
2005) resulting from the application of salt to deice roads, rising sea levels, and high-salinity 
wastewaters from energy extraction (hereafter, wastewaters; Herbert et al., 2015; Hintz and 
Relyea, 2019). However, most investigations focus on effects from the application of road salts 
(Herbert et al., 2015; Hintz and Relyea, 2019). Contamination from wastewaters could have 
 10 
additive or synergistic effects, and be more harmful than road salts, because wastewaters can also 
contain toxic heavy metals, volatile organic compounds, and radionuclides (Cozzarelli et al., 
2017; Gleason and Tangen, 2014; Lauer et al., 2016; Maloney et al., 2017; Wood and Welch, 
2015).  
 Effects of wastewaters are scarcely investigated despite them being a major contributor to 
salt contamination (Davis et al., 2010; Maloney et al., 2017; Souther et al., 2014). Widespread 
wastewater contamination is present in many areas of the United States because of nearly 30 
years of improper storage and accidental spills (Beal et al., 1987; Maloney et al., 2017; Ramirez 
Jr and Mosley, 2015). Historically, reserve pits that stored wastewaters often leaked or were 
breached and caused seepage into surface and ground waters (Beal et al., 1987). Additionally, 
spill rate has consistently increased in major energy production areas in the USA from 2005 to 
2014 (Maloney et al., 2017). An increase of nearly 50% in global energy consumption is 
expected between 2020 and 2050 (USEIA, 2020), which could increase potential for future 
contamination from wastewaters. 
Compared to other sources of salt contamination, information on effects of wastewaters is 
limited. Wastewaters negatively affect survival or growth of Daphnia (Tasker et al., 2018), 
macroinvertebrates and wetland plants (Preston et al., 2018; Preston and Ray, 2017), bivalves 
(Warner et al., 2018), and a few vertebrates (Cozzarelli et al., 2017; Hossack et al., 2017; 
Hossack et al., 2018; Tornabene et al., 2020). Scarce information exists for wetland associated 
species and especially for freshwater vertebrates (Davis et al., 2010; Maloney et al., 2017; 
Souther et al., 2014). It is not well understood whether effects of wastewaters are predominantly 
because of high NaCl concentrations or other components (Tornabene et al., 2020). If effects of 
wastewaters are primarily due to NaCl, similar to some road salts (Jones et al., 2015), research 
from other sources of salt contamination (e.g., road salts) could inform management for 
wastewaters and vice versa.  
Amphibians are particularly vulnerable to contaminants such as increased salinity 
because of their porous skin, dependence on freshwater, and poor osmoregulatory capacity 
(Shoemaker and Nagy, 1977; Ultsch et al., 1999). Salinity from road salts can reduce survival 
and growth and disrupt osmotic homeostasis of amphibians dependent on concentration and life 
stage tested (Albecker and McCoy, 2017; Collins and Russell, 2009; Hall et al., 2017; Hintz and 
Relyea, 2019; Hopkins et al., 2016; Karraker and Gibbs, 2011a). Road salts can negatively affect 
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behavior of aquatic vertebrates (Denoël et al., 2010; Squires et al., 2008; Wood and Welch, 
2015) and cause deformities (Gosner and Black, 1957; Haramura, 2007; Harless et al., 2011; 
Karraker, 2007; Karraker and Ruthig, 2009), but this has not been investigated for wastewaters. 
Across amphibian species, eggs are thought to be most sensitive to salinity (Albecker and 
McCoy, 2017; Hopkins and Brodie Jr, 2015). Egg membranes are highly permeable and eggs 
have limited abilities to compensate for osmotic and ionic changes (Hunter and De Luque, 1959). 
Larvae have greater behavioral and homeostatic flexibility and are therefore considered better 
able to compensate for osmotic changes. Adults are the most physiologically developed and can 
leave contaminated areas if they cannot compensate (Shoemaker and Nagy, 1977; Ultsch et al., 
1999). Despite their sensitivity, comprehensive studies investigating effects of salinity on eggs 
are limited and few studies follow effects from egg through larval stages (Albecker and McCoy, 
2017; Hintz and Relyea, 2019; Hopkins et al., 2013b); to our knowledge, no studies have done 
this for wastewaters. 
To address the aforementioned information gaps, we had three main objectives. First, we 
tested the effect of two sources of salinity (NaCl and wastewaters) on hatching success of eggs, 
and on survival, growth, occurrence of deformities, and behavior of larvae. We used wastewaters 
from the Willison Basin in north-central United States, which is one of the largest energy 
reserves in North America (Gleason and Tangen, 2014; Maloney et al., 2017). Second, we 
determined whether effects of wastewaters are primarily due to NaCl by directly comparing 
effects of wastewaters to effects of NaCl alone. Third, we sought to provide thresholds of 
tolerance for hatching of eggs and survival of larvae to inform environmental risk assessments 
and enhance management efforts.  
 
METHODS 
Study species and egg collection  
We conducted our study on northern leopard frogs (Rana pipiens; herein, leopard frogs) 
and boreal chorus frogs (Pseudacris maculata; herein, chorus frogs). The two species are broadly 
distributed in North America, occur in areas contaminated by wastewaters and road salts, and are 
sensitive to increased salinity from these sources (Hossack et al., 2018; Tornabene et al., 2020; 
Wilson et al., 2008). Egg masses were collected from wetlands uncontaminated by increased 
salinity (< 32 mg Cl-/L) based on Hach QuanTab Cl- titration strips (± 10% accuracy; Hach Co., 
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Loveland, Colorado, USA). For leopard frogs, we collected partial egg masses from two 
wetlands in Pary Waterfowl Production Area near Dagmar, Montana, USA within the Williston 
Basin (48.59028°, -104.08496° and 48.591926°, -104.091536°). For chorus frogs, we were 
unable to find enough eggs in Williston Basin wetlands and instead collected several egg masses 
from two wetlands near Moran, Wyoming, USA (43.8382500°, -110.33995° and 43.84185°,       
-110.33886°). Eggs were placed in water from collection sites and kept cool with ice packs 
during transport to the University of Montana Fort Missoula Research Station in Missoula, 
Montana, USA. Before initiating our experiment, eggs were held in 15-L plastic tubs filled with 
10 L of tap water treated with Tetra AquaSafe Plus (following manufacturer instructions) to 
remove chloramines (hereafter, lab water). Lab water had chloride concentrations below 
detection limits (< 32 mg Cl-/L). Laboratory conditions were held at 21°C with a 14:10 h, 
ligh:dark cycle.  
 
Chronic toxicity experiments  
We exposed eggs of both species to a wide range of environmentally relevant 
concentrations of Cl- from wastewaters or NaCl for 24 d. Concentrations ranged from 0–6000 
mg Cl-/L (increasing by 1000 and also including 2500, 3500, and 4500 mg Cl-/L). We used 
equivalent Cl- concentrations in wastewater and NaCl treatments to make clear comparisons 
between the two sources of salt contamination. For NaCl treatments, we used a stock solution of 
20 g Cl-/L NaCl (ACS certified > 99% purity). For wastewater treatments, we created a stock 
solution by collecting and mixing waters from two highly contaminated sites (~10 and ~20 g Cl-
/L). Wastewater collection sites were within the Williston Basin in Rabenberg Waterfowl 
Production Area near Westby, Montana, USA (48.84953°, -104.10323° and 48.84966°, -
104.12219°). Aliquots of NaCl or wastewater stock solutions were diluted with lab water to 
reach desired exposure concentrations. Prior to exposure, we measured Cl- concentrations of 
each batch with Cl- titration strips. Throughout the experiment, nominal concentrations were 
within 4.3% (standard deviation [SD] = 2.2%) of actual concentrations and control treatments 
were always below Cl- detection limits (< 32 mg/L).  
We initiated experiments around 48 hours after egg collection and before most reached 
Gosner stage 15 (most species hatch between Gosner stages 17–20; Gosner, 1960). We included 
15 replicate experimental units per concentration and treatment (NaCl or wastewaters). Each 
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experimental unit was contained in a 300-ml plastic cup filled with 200 ml of treatment water. 
After carefully separating masses into individual eggs, we randomly selected and assigned them 
to experimental units. We included one egg per cup for chorus frogs and two eggs per cup for 
leopard frogs because more leopard frog eggs were collected and available. To minimize changes 
in Cl- due to evaporation, we marked each cup at 200 ml and added fresh lab water to maintain 
volumes, which we checked daily. Adding fresh lab water was only necessary 5–10 times on 
individual cups prior to regular water changes (i.e., before hatching, see below). In addition to 
traditional controls, we included a handling control (following separation of eggs) of 30 
individual leopard frog and 15 chorus frog eggs and raised them until hatching; survival was 
100% and 93% for leopard and chorus frogs, respectively.  
We checked for hatching, mortality, and deformities daily. Embryos were considered 
dead if eggs had mold on them or if were dissolving. Embryos that had arrested development for 
several days were also removed from the experiment. Following hatching, we considered larvae 
dead if they were unresponsive our could not right themselves after repeated prodding. After 
hatching, we noted bent bodies or tails and any other deformities in morphology (Hopkins et al., 
2013b). We began feeding and water changes around day 9 of the experiment when most eggs 
had hatched or died (removed from experiment) and larvae were free-swimming. We changed 
water with respective treatment solutions every 4 d thereafter. Larvae were fed ground Tetramin 
fish food ad libitum. Starting on day 9, when larvae were free swimming, we also monitored 
behavior of larvae each day thereafter (days 9–24). We counted the number of larvae in each 
treatment ´ concentration combination exhibiting one of three behaviors: moving, still, or 
lacking righting response before motivation (e.g., laying on their side or upside down).  
We euthanized all surviving larvae at the end of the experiment (on day 24) using 
buffered tricaine methanesulfonate (MS-222) and measured them. We measured mass (g; 
hereafter, wet mass) and snout-vent length (hereafter, SVL; mm), determined developmental 
stage (according to Gosner, 1960), placed them in plastic bags, and stored them at -20°C. We 
then freeze-dried all larvae for 24 h to determine dry mass (g) and percent water (calculated as 






We used generalized linear models (GLMs) with a binomial distribution and logit link to 
test the influence of treatment (NaCl or wastewaters) and concentration on probability of 
hatching and survival separately. For leopard frogs, we used generalized linear mixed models 
(GLMMs, in package ‘lme4’; Bates et al., 2014) to nest paired larvae within experimental units 
and control for non-independence between larvae. Survival analyses included only larvae that 
hatched. We tested whether including an interaction term (treatment ´ concentration) improved 
model fits using likelihood ratio tests (package 'lmtest'; Hothorn et al., 2019). Including the 
interaction term would indicate that effects of NaCl and wastewaters were not consistent across 
our range of Cl- concentrations. From our models, we estimated concentrations at which 10, 50, 
and 90% probability of hatching and survival occurred. For survival, 10, 50, and 90% probability 
of survival are equivalent to 24 d lethal concentration (LC) values of LC90, LC50, and LC10, 
respectively. We used simple linear regression (for chorus frogs) or GLMMs with a Gaussian 
distribution (for leopard frogs) to test the influence of treatment and concentration on 
developmental stage at hatching and day of experiment that hatching occurred. We nested paired 
leopard frog larvae within experimental units and tested whether including an interaction term 
improved model fit, for both species, as described above.  
We used simple linear regression to test the influence of treatment and concentration on 
each morphological trait (wet and dry mass, SVL, developmental stage, and percent water) 
separately per species. For leopard frogs, we used GLMMs and controlled for non-independence 
of larvae in the same cup as described above. For both species, we also tested whether including 
an interaction term improved model fit as described above. We used multiple analysis of 
variance (MANOVA) to test whether influences of treatment, concentration, and the treatment ´ 
concentration interaction varied among our three behavioral responses (moving, still, or lacking a 
righting response). To test the influence of concentration, treatment, and the interaction on each 
behavior individually, we followed MANOVA with univariate GLMMs with a Poisson 
distribution (package ‘lme4’; Bates et al., 2014). Using GLMMs allowed us to more adequately 
model the distribution and structure of our behavioral data. We included a random effect of 
unique treatment ´ concentration group number nested within day and account for repeated 
observations of each group throughout the experiment. All analyses were conducted in Program 
R (v4.0.3; R Core Team, 2019). 
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RESULTS 
Hatching and survival 
Probability of hatching and survival for leopard and chorus frogs decreased with 
increased salinity (Table S1 and Figure 1A–D and S1). Estimated concentrations at 90, 50, and 
10% probabilities of hatching and survival for leopard frogs were generally higher than for 
chorus frogs (Table 1). Additionally, for both species, estimated concentrations at probabilities 
(90, 50, and 10%) of hatching of eggs were generally higher than those for survival of larvae 
(Table 1). Except for probability of hatching for chorus frogs, additive models fit survival and 
hatching data better than interactive models (Table S2). Support for additive models indicates 
that effects of NaCl and wastewaters were consistent across our range of Cl-concentrations. For 
leopard frogs, probability of hatching and survival did not differ between wastewaters and NaCl 
(Table S1 and S2 and Figure 1A and C). Probability of survival did not differ between 
wastewaters and NaCl for chorus frogs (Table S1 and S2 and Figure 1D). However, probability 
of hatching differed between treatments for chorus frogs (Table S1 and S2 and Figure 1C). For 
chorus frogs exposed to wastewaters, probability of hatching was higher than for NaCl at lower 
concentrations and lower than NaCl at higher concentrations (Table S1 and Figure 1C). Survival 
of controls was 93% at the end of the experiment (day 24) for both leopard and chorus frogs. 
Stage at hatching and days to hatch decreased with increasing salinity for leopard frogs, 
but not for chorus frogs (Table S1 and Figure 2A and B). For days to hatch of leopard frogs, 
effects of wastewaters and NaCl were not consistent across our range of Cl- concentrations 
(support for the interactive model), but were for developmental stage at hatching (Table S1). 
Days to hatch decreased (from ~3.5 to 3 d) with increasing concentrations of wastewaters, but 
not for NaCl (Table S1 and Figure 2B). Developmental stage at hatching decreased from ~19 d 
for controls to ~17 and 17.5 d for those exposed to NaCl and wastewaters, respectively (Table S1 
and Figure 2A).  
 
Sublethal effects 
Mass (wet and dry), SVL, and development of leopard and chorus frog larvae decreased 
with increasing salinity (Table S3 and Figure 2C–F and 3A–E). Percent water increased with 
increasing salinity for chorus frogs (Table S3 and Figure 3E), but not for leopard frogs. For 
chorus frogs, effects of wastewaters and NaCl on morphology were consistent across our range 
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of Cl- concentrations (support for additive models; Table S4 and Figure 3A–E). However, 
interactive models fit the data better for leopard frogs, indicating that effects of wastewaters and 
NaCl were not consistent across Cl- concentrations (Table S4). For leopard frogs, NaCl 
decreased development and SVL more than wastewaters at high concentrations (~2500 mg Cl-
/L), but differences between NaCl and wastewaters were generally minimal across lower 
concentrations (< 2000 mg Cl-/L; Figure 2C–F). 
Chorus frog larvae had more deformities than leopard frogs, but the percentage of larvae 
with deformities after hatching was low. For leopard frogs, only 4% and 5% of larvae raised in 
wastewaters and NaCl (n = 7 and 11) had deformities. For chorus frogs, 16% and 9% raised in 
wastewaters and NaCl (n = 11 and 7) had deformities. For both species, most deformities 
occurred at concentrations of 2500 or 3000 mg Cl-/L. The most common deformities were severe 
bends in the body or tail, or both, leading to difficulty swimming. One leopard frog larva was 
acephalous and died 2 d after hatching. Most larvae that had deformities died (leopard frogs: 
100%, chorus frogs: 83%), but survived with a deformity for 4–19 d (mean; leopard frogs: 8 d, 
chorus frogs: 10d).  
 
Behavior 
Effects of treatment, concentration, and the treatment ´ concentration interaction on 
chorus and leopard frog behaviors depended on the specific behavior (moving, still, or lacking a 
righting response; Table S5). For both species, effects of wastewaters and NaCl on the number of 
larvae exhibiting each behavior were not consistent across our range of Cl- concentration 
(support for interactive models), except for chorus frogs that were still (Table S6). Number of 
larvae moving decreased with increasing concentrations of wastewaters or NaCl and movement 
declined more steeply for larvae exposed to NaCl (Table S6 and Figure 4A and B and S2). 
Number of still leopard frog larvae increased with increasing concentrations, but increased less 
in NaCl compared to wastewaters (Table S6 and Figure 4C and S2). Number of still chorus frogs 
was not influenced by treatment, concentration, or the interaction (Table S6 and Figure 4D and 
S2). Number of larvae lacking a righting response increased with increasing concentrations, but 
increased less for both species in NaCl compared to wastewaters (Table S6 and Figure 4E and F 




We exposed two widespread amphibian species to an environmentally relevant range of 
salinity and determined the relative effects of wastewaters and NaCl. We used 24-day 
experiments to follow effects of salinity from hatching of eggs through survival of larvae. To our 
knowledge, chronic experiments overlapping multiple amphibian life stages are not common. 
Nevertheless, experiments such as these are important to represent ecologically realistic exposure 
settings. Both types of salinity had similar, comprehensive effects and reduced hatching, 
survival, growth, development, and activity of larvae while also increasing the number of 
deformities. Our findings demonstrate that effects of wastewaters on amphibians are 
predominantly due to NaCl rather than other components such as heavy metals (e.g., lead, 
strontium, antimony), radionuclides, volatile organic compounds, and hydrocarbons (Cozzarelli 
et al., 2017; Gleason and Tangen, 2014; Lauer et al., 2016; Maloney et al., 2017).  
Contrary to previous studies, leopard and chorus frog eggs were less sensitive to 
increased salinity than larvae (Albecker and McCoy, 2017; Beebee, 1985; Hintz and Relyea, 
2019; Hopkins and Brodie Jr, 2015; Hopkins et al., 2013b; Karraker and Ruthig, 2009). For 
example, 50% probability of hatching occurred at ~4100 and ~3300 mg Cl-/L and 50% 
probability of survival occurred at ~2500 and ~1900 mg Cl-/L for leopard and chorus frogs, 
respectively (Table 1). Across the anuran amphibian clade, 50% probability of hatching tends to 
occur between ~3000–7000 mg Cl-/L, but larvae are generally less sensitive than eggs (Albecker 
and McCoy, 2017). In a previous study in the same system, Gosner stage 25 leopard and chorus 
frog larvae were also more sensitive to salinity (NaCl or wastewaters) than eggs in our current 
study (Tornabene et al., 2020). Dependent on concentration, salinity can disrupt osmoregulation 
of amphibian eggs (Albecker and McCoy, 2017; Haramura, 2007; Hunter and De Luque, 1959; 
Karraker and Gibbs, 2011b). Based on our study, gelatinous envelopes and jelly coatings of 
some amphibian eggs may afford more protection from salinity than previously thought. 
Alternatively, larvae may have been more sensitive than eggs because of accumulating negative 
effects of salinity throughout exposure. Larvae that survived hatching were exposed for longer 
than eggs alone. Few ecotoxicology studies track effects of salinity through multiple life history 
stages and instead indirectly compare effects on eggs to effects on larvae (Albecker and McCoy, 
2017). Our ecologically-relevant chronic exposures suggest that accumulating effects can reduce 
survival relative to starting experiments with unexposed larvae. Eggs of chorus frogs were also 
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more sensitive to salinity than leopard frogs. Differential sensitivities could be related to species-
specific differences in sensitivity, differences in the structure or matrix of eggs and their casings, 
or both. Although egg casings may have afforded some protection at intermediate concentrations 
(~2500–3500 mg Cl-/L), some larvae that hatched from eggs died thereafter.  
We did not find strong evidence that either species was more sensitive to wastewaters or 
NaCl (Tornabene et al., 2020). Although we did see some interactive effects of treatment, those 
effects were minimal across a wide range of concentrations for NaCl and wastewaters. Survival 
of chorus frog larvae in a previous study from the same system was more sensitive to 
wastewaters than NaCl (Tornabene et al., 2020), but it was unclear why they had differential 
sensitivity while leopard frogs did not. Differences between the current and previous study could 
be because the previous study conducted acute exposures (4 d) whereas we conducted chronic 
exposures (24 d). Also, contents of wastewaters are dependent on origin and can vary within and 
among locations; wastewaters from other locations and regions could therefore be more or less 
harmful than those in our experiment (Cozzarelli et al., 2017; Gleason and Tangen, 2014; Lauer 
et al., 2016; Maloney et al., 2017). Nevertheless, based on similar effects between NaCl and 
wastewaters on chorus or leopard frogs (Tornabene et al., 2020), studies on effects of road salts 
can ostensibly guide management for effects of wastewaters and vice versa.  
Wastewaters and NaCl expedited hatching and increased deformities in both species. 
Eggs exposed to salinity hatched earlier and were less developed similar to previous studies 
(Gosner and Black, 1957; Hopkins et al., 2013a; Padhye and Ghate, 1992). Earlier hatching and 
reduced development are both thought to negatively affect subsequent survival (Boone et al., 
2002; Warkentin, 1995; Warkentin, 1999). However, effects on days to hatching and 
developmental stage at hatching were minimal (< 15% difference from controls) in our study and 
may not be biologically meaningful. Quantitative investigations of deformities from salinity are 
lacking (Hopkins et al., 2013b), but deformities have been observed for frogs and salamanders 
exposed to salinity (Gosner and Black, 1957; Haramura, 2007; Harless et al., 2011; Karraker, 
2007; Karraker and Ruthig, 2009). Although deformities were minimal in our study (< 20% of 
larvae exposed to wastewaters or NaCl), most larvae with deformities died before the end of the 
experiment. Deformities also led to erratic movements that could increase predation risk for free-
living larvae. Shrinkage of eggs resulting from osmotic disruption and increased glucocorticoids 
from physiological stress have both been suggested to cause deformities in embryonic 
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amphibians and fishes (Eriksen et al., 2008; Hopkins et al., 2013b; Karraker and Gibbs, 2011b; 
Padhye and Ghate, 1992). More studies are necessary to quantify the effects of deformities from 
salinity, understand underlying mechanisms leading to deformities, and determine whether 
deformities can result in increased predation risk.  
Wet and dry mass, SVL, and developmental stage of surviving larvae all declined with 
increasing salinity and effects were generally similar between NaCl and wastewaters. 
Compensatory growth could offset effects of salinity on growth of larvae (Capellan and Nicieza, 
2007; Hector et al., 2012), but salinity can inhibit compensatory growth (Hall et al., 2017; 
Kearney et al., 2016) and thereby decrease subsequent survival (Altwegg and Reyer, 2003; 
Cabrera-Guzmán et al., 2013; Semlitsch et al., 1988). Some previous studies also found 
decreases in size with increasing salinity (Sanzo and Hecnar, 2006; Tornabene et al., 2020), but 
others found increased size (Dananay et al., 2015; Petranka and Doyle, 2010) or no effect (Hua 
and Pierce, 2013). Increased mass or no effect in previous studies could result from increased 
productivity of saltier ponds (Dananay et al., 2015) or increased water retention (Hall et al., 
2017). Indeed, water content increased with increasing salinity for chorus frogs, but we 
nonetheless documented reductions in wet and dry mass.  
Salinity from wastewaters and NaCl caused similar reductions in larval activity. In our 
study, larvae exposed to increased salinity were less active and were often found lying on their 
sides immobile, similar to previous studies with road salts (Denoël et al., 2010; Squires et al., 
2008; Wood and Welch, 2015). Larvae that survive exposure to increased salinity may therefore 
be more vulnerable to predation or mortality because of changes in behavior (e.g., reduced prey-
avoidance or feeding; Denoël et al., 2010; Relyea and Edwards, 2010), which could increase 
negative effects of salinity beyond effects measured in experiments. Predators can also have 
higher tolerances to salinity than prey, further compounding effects of salinity on larval 
amphibians (Sanzo and Hecnar, 2006). Importantly, this could partially explain discrepancies 
between estimated LCs in this and a previous study (Tornabene et al., 2020) compared to 
abundance in the field (Hossack et al., 2018). Concentrations of wastewater-contaminated waters 
limiting larval abundances in the field were often lower than those decreasing survival in 
laboratory experiments, possibly because laboratory studies cannot account for environmental 
effects such as decreased feeding and increased predation risk.  
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Global energy demand and production of energy have consistently increased (USEIA, 
2020) and, for example, more than 14 million tons of road deicing salts (including NaCl) are 
used annually on roads in Canada (Environment Canada, 2001). Both anthropogenic activities 
can increase salt contamination and could increase future risk of contamination. Despite this, we 
still have limited information on the influence of wastewaters and other sources of salinity on 
aquatic vertebrates. Our study helps bridge the information gap and demonstrates that effects of 
salinity are comprehensive and species- and life-stage-specific. We also provide evidence that 
the majority of effects of wastewaters on chorus and leopard frogs were ostensibly due to high 
concentrations of NaCl. Chloride concentrations resulting from contamination by road salts and 
wastewaters can far exceed concentrations that limited hatching and survival in our study thereby 
making some ecosystems uninhabitable for leopard and chorus frog larvae (Gleason and Tangen, 
2014; Kaushal et al., 2005; Ohno, 1990). The comprehensive negative effects, risk of future 
contamination, and persistence of salts demonstrates the need for investigations with other 
species and sources of salinity and to restore affected ecosystems. 
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Table 1. Estimated concentrations (mg Cl-/L) at probabilities (90%, 50%, and 10%) of hatching 
for eggs and survival of larvae (95% confidence intervals) for northern leopard and boreal chorus 
frogs exposed to NaCl or wastewaters. For survival, estimates are 24 d lethal concentration (LC) 
values where 90% = LC10, 50% = LC50, and 10% = LC90. 
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Figure 1. Probability of hatching (A and B) and survival (C and D) of northern leopard (A and 
C) and boreal chorus frog (B and D) eggs and larvae decreased with increasing concentrations 
(mg Cl-/L) of wastewaters (blue solid line with 95% confidence interval) or NaCl (orange dashed 
line with 95% confidence interval). Only hatching probability of chorus frogs differed between 
wastewaters and NaCl. The dashed line indicates where 50% hatching or survival occurs.  
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Figure 2. Stage at hatching (A), days to hatch (B), wet (C; g) and dry mass (D; g), 
developmental stage (E; Gosner stage), and snout-vent length (F; mm) of northern leopard frog 
larvae decreased with increasing concentrations (mg Cl-/L) of wastewaters (blue points and solid 
line with 95% confidence interval) and NaCl (orange points and dashed line with 95% 
confidence interval). For panel B, two points (at 5 and 6 days to hatch) are excluded from the 
figure, but not the model. For panels C–F, only larvae surviving 24-day exposures were 
measured at the end of the experiment. Note that the range of concentrations in panels A and B 
differ from those in panels C–F.  
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Figure 3. Wet (A; g) and dry mass (B; g), developmental stage (C; Gosner stage), and snout-vent 
length (D; mm) of boreal chorus frog larvae decreased, while percent water increased (E; %), 
with increasing concentrations (mg Cl-/L) of wastewaters (blue points and solid line with 95% 
confidence interval) and NaCl (orange points and dashed line with 95% confidence interval). 
Effects of wastewaters and NaCl did not differ for any comparisons. Only larvae surviving 24-
day exposures were measured at the end of the experiment. 
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Figure 4. Mean (95% confidence intervals) number of larvae moving (A and B), still (C and D), 
or lacking a righting response (E and F) for northern leopard (A, C, and E) and boreal chorus 
frog larvae (B, D, and F) raised in a gradient of wastewaters or NaCl concentrations for 24 days. 













Table S1. Estimated coefficients (logit scale b’s and standard errors [SE] for hatching and 
survival, normal scale for hatch stage and day) and summary statistics for effects of treatment 
(wastewaters [base level] or NaCl), concentration (mg Cl-/L), and a treatment ´ concentration 
interaction (when applicable; Table S2) on probability of hatching and survival and hatch stage 
and day of northern leopard and boreal chorus frogs.  
 
Species Trait Variable b SE z p 
Leopard  Hatching Intercept 7.482 0.643 11.63 < 0.001 
frog  Treatment -0.066 0.258 -0.26 0.797 
  Concentration -0.002 1.54E-04 -11.74 < 0.001 
 Survival Intercept 7.502 0.877 8.55 < 0.001 
  Treatment -0.011 0.336 -0.03 0.974 
  Concentration -0.003 3.29E-04 -9.05 < 0.001 
 Hatch stage Intercept 19.443 0.100 195.18 < 0.001 
  Treatment 0.276 0.092 3.01 0.003 
  Concentration -4.94E-04 3.29E-05 -15.01 < 0.001 
 Hatch day Intercept 3.559 0.067 53.48 < 0.001 
  Treatment -0.095 0.095 -1.01 0.315 
  Concentration -1.09E-04 2.47E-05 -4.40 < 0.001 
  Treatment ´ Concentration 8.07E-05 3.50E-05 2.30 0.022 
Chorus  Hatching Intercept 11.545 2.272 5.08 < 0.001 
frog  Treatment -6.832 2.407 -2.84 0.005 
  Concentration -0.004 0.001 -5.15 < 0.001 
  Treatment ´ Concentration 0.002 0.001 2.92 0.003 
 Survival Intercept 6.177 1.206 5.12 < 0.001 
  Treatment -0.340 0.570 -0.60 0.551 
  Concentration -0.003 0.001 -5.83 < 0.001 
 Hatch stage Intercept 20.997 0.294 71.32 < 0.001 
  Treatment 0.118 0.288 0.41 0.683 
  Concentration -1.02E-04 1.20E-04 -0.85 0.395 
 Hatch day Intercept 4.105 0.098 41.73 < 0.001 
  Treatment -0.116 0.095 -1.21 0.227 
    Concentration 6.71E-05 3.98E-05 1.68 0.094 
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Table S2. Summary statistics for likelihood ratio tests comparing between additive (Treatment + 
Concentration) and interactive (Treatment ´ Concentration) models investigating the influence of 
treatment (wastewaters or NaCl) and concentration on probability of survival and hatching and 
hatch stage and day for northern leopard and boreal chorus frogs. For all comparisons, degrees of 
freedom (df) is equal to 1.  
 
Species Trait c2 p 
Leopard frog Hatching 1.004 0.317 
 Survival 0.786 0.375 
 Hatch stage 2.227 0.136 
 Hatch day 5.325 0.021 
Chorus frog Hatching 13.217 0.003 
 Survival 0.407 0.524 
 Hatch stage 0.083 0.773 




Table S3. Estimated coefficients (normal scale b’s and standard errors [SE]) and summary 
statistics for effects of treatment (wastewaters [reference level] or NaCl), concentration, and a 
treatment ´ concentration interaction (when applicable; Table S4) on wet and dry mass, 
developmental (Gosner) stage, snout-vent length, and percent water of northern leopard and 
boreal chorus frog eggs and larvae. 
 
Species Trait Variable b SE z p 
Leopard Wet mass Intercept 0.528 0.024 22.41 < 0.001 
frog  Treatment 0.030 0.030 1.00 0.317 
  Concentration -6.10E-05 1.29E-05 -4.73 < 0.001 
  Treatment ´ Concentration -1.05E-05 1.85E-05 -0.57 0.571 
 Dry mass Intercept 0.030 0.001 36.38 < 0.001 
  Treatment 0.002 0.001 1.42 0.158 
  Concentration -2.69E-06 4.71E-07 -5.72 < 0.001 
  Treatment ´ Concentration -1.24E-06 6.74E-07 -1.83 0.068 
 Developmental stage Intercept 13.826 0.193 71.50 < 0.001 
  Treatment -0.081 0.258 -0.31 0.755 
  Concentration -0.001 1.12E-04 -7.71 < 0.001 
  Treatment ´ Concentration -2.16E-04 1.60E-04 -1.35 0.178 
 Snout-vent length Intercept 28.829 0.172 167.31 < 0.001 
  Treatment 0.102 0.229 0.44 0.657 
  Concentration -0.001 9.91E-05 -6.12 < 0.001 
  Treatment ´ Concentration -2.09E-04 1.42E-04 -1.47 0.144 
 Percent water Intercept 93.987 0.207 453.74 < 0.001 
  Treatment 0.045 0.277 0.16 0.871 
  Concentration -7.00E-05 1.20E-04 -0.59 0.554 
  Treatment ´ Concentration 1.10E-04 1.71E-04 0.65 0.516 
Chorus Wet mass Intercept 0.643 0.026 24.93 < 0.001 
frog  Treatment -0.052 0.029 -1.78 0.080 
  Concentration -1.21E-04 1.75E-05 -6.90 < 0.001 
 Dry mass Intercept 0.043 0.002 24.45 < 0.001 
  Treatment -0.003 0.002 -1.37 0.177 
  Concentration -1.03E-05 1.18E-06 -8.71 < 0.001 
 Developmental stage Intercept 37.479 0.203 184.90 < 0.001 
  Treatment -0.150 0.229 -0.66 0.514 
  Concentration -0.001 1.38E-04 -7.91 < 0.001 
 Snout-vent length Intercept 12.583 0.220 57.20 < 0.001 
  Treatment -0.349 0.248 -1.41 0.164 
  Concentration -0.001 1.49E-04 -9.28 < 0.001 
 Percent water Intercept 93.250 0.130 717.79 < 0.001 
  Treatment 0.052 0.147 0.36 0.721 
    Concentration 0.001 8.82E-05 7.68 < 0.001 
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Table S4. Summary statistics for likelihood ratio tests comparing between additive (Treatment + 
Concentration) and interactive (Treatment ´ Concentration) models investigating the influence of 
treatment (wastewaters or NaCl) and concentration on northern leopard and boreal chorus frog 
wet and dry mass, developmental (Gosner) stage, snout-vent length, and percent water. For all 
comparisons degrees of freedom (df) is equal to 1. 
 
Species Trait c2 p 
Leopard frog Wet mass 17.34 < 0.001 
 Dry mass 23.24 < 0.001 
 Developmental stage 13.73 0.002 
 Snout-vent length 13.82 0.002 
 Percent water 15.08 0.001 
Chorus frog Wet mass 2.51 0.113 
 Dry mass 2.03 0.154 
 Developmental stage 0.14 0.706 
 Snout-vent length 1.91 0.167 




Table S5. Summary statistics from multivariate analysis of variance (MANOVA) testing the 
influence of treatment (wastewater [reference level] or NaCl), concentration, and treatment ´ 
concentration interaction on the number of northern leopard and boreal chorus frog larvae 
observed moving, sitting, or lacking righting. 
 
Species Variable df Pillai’s trace (V) f p 
Leopard frog Treatment 3,139 0.096 4.91 0.003 
 Concentration 3,139 0.568 60.91 < 0.001 
 Treatment ´ Concentration 3,139 0.129 6.88 < 0.001 
Chorus frog Treatment 3,131 0.264 15.68 < 0.001 
 Concentration 3,131 0.870 290.95 < 0.001 
  Treatment ´ Concentration 3,131 0.120 5.97 < 0.001 
 
Table S6. Estimated coefficients (log link scale b’s and standard errors [SE]) and summary 
statistics for effects of treatment (wastewater [base level] or NaCl), concentration, and a 
treatment ´ concentration interaction on the number of northern leopard and boreal chorus frog 
larvae observed moving, still, or lacking righting responses. 
 
    Leopard frogs Chorus frogs 
Behavior Variable b SE z p B SE z p 
Moving Intercept 3.317 0.066 50.56 < 0.001 2.679 0.060 44.62 < 0.001 
 Treatment 0.127 0.065 1.95 0.051 0.010 0.084 0.11 0.909 
 Concentration -1.23E-04 2.90E-05 -4.22 < 0.001 -4.31E-04 4.33E-05 -9.97 < 0.001 
 Treatment ´ Concentration -1.54E-04 3.95E-05 -3.90 < 0.001 -2.80E-04 6.79E-05 -4.12 < 0.001 
Still Intercept -0.547 0.001 -410.63 < 0.001 -0.471 0.351 -1.34 0.179 
 Treatment 0.302 0.001 226.92 < 0.001 -0.107 0.351 -0.30 0.762 
 Concentration 0.001 9.45E-05 6.01 < 0.001 2.69E-05 1.39E-04 0.19 0.846 
 Treatment ´ Concentration -3.11E-04 8.88E-05 -3.50 < 0.001 -2.09E-04 2.15E-04 -0.97 0.331 
Lacking Intercept -1.353 0.386 -3.51 < 0.001 -1.353 0.386 -3.51 < 0.001 
Righting Treatment 0.731 0.428 1.71 0.087 0.731 0.428 1.71 0.087 
 Concentration 0.001 1.69E-04 4.45 < 0.001 0.001 1.69E-04 4.45 < 0.001 




Figure S1. Percent of eggs and larvae that hatched and survived decreased with increasing 
concentration of wastewaters (A and C) and NaCl (B and D) for northern leopard (A and B) and 
boreal chorus (C and D) frogs. The lightest colored bars indicate the percentage of total eggs that 
hatched and survived 24 d exposures. The intermediate-colored bars indicate the percentage that 
hatched but died thereafter as larvae. The darkest colored bars indicate the percentage of eggs 
that did not hatch.  
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Figure S2. Percent of total larvae moving declined and percent lacking a righting response or 
still increased with increasing concentration of wastewaters (A and C) and NaCl (B and D) for 
northern leopard (A and B) and boreal chorus frogs (C and D). More chorus frogs were observed 
lacking a righting response and less were moving and still relative to leopard frogs. No chorus 
frog larvae survived in 3,000 and 3,500 mg Cl/L when behavioral observations began (day 8).  
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Corticosterone mediates a growth-survival tradeoff 
for an amphibian exposed to increased salinity 
 
Brian J. Tornabene, Blake R. Hossack, Erica J. Crespi, and Creagh W. Breuner 
 
ABSTRACT 
Life-history tradeoffs are common across taxa, but growth-survival tradeoffs—usually 
enhancing survival at a cost to growth—are investigated less than others. Increased salinity 
(NaCl) is a prevalent anthropogenic disturbance that may result in a growth-survival tradeoff for 
larval amphibians. Although physiological mechanisms mediating tradeoffs are seldom 
investigated, hormones are prime candidates. Corticosterone (CORT) is a steroid hormone that 
independently influences survival and growth, and may provide mechanistic insight into growth-
survival tradeoffs. We tested effects of salinity on growth, development, survival, CORT 
responses, and tradeoffs among traits of larval Northern Leopard Frogs (Rana pipiens) by 
exposing them for 24 d. We also tested whether CORT signaling mediates effects of salinity and 
life history tradeoffs by experimentally suppressing CORT signaling. Increased salinity reduced 
larval survival, growth, and development. Suppressing CORT signaling in conjunction with 
salinity reduced survival further, but also attenuated negative effects of salinity on growth and 
development. CORT of control larvae increased or was stable with growth and development, but 
decreased with growth and development for those exposed to salinity. Therefore, salinity 
dysregulated larval CORT physiology. Across all treatments, larvae that survived had higher 
CORT than larvae that died. By manipulating CORT signaling, we provide strong evidence that 
CORT physiology is a mechanistic link that mediates the outcome of a growth-survival tradeoff. 
To our knowledge, this is the first study to concomitantly measure tradeoffs between growth and 
survival and experimentally link these changes to CORT physiology. Identifying mechanistic 
links is critical to enhance our understanding of tradeoffs.  
 
INTRODUCTION 
Life history tradeoffs are fundamental to ecological and evolutionary theory and are 
common across taxa, but physiological mechanisms mediating tradeoffs are still unclear 
(Garland, 2014; Harris, 2020; Stearns, 1989). Organisms often have limited resources and must 
allocate energy to the life history trait that maximizes fitness, but at a cost to another trait 
(Stearns, 1989; Zera and Harshman, 2001). Survival may be enhanced by limiting growth, 
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particularly for organisms experiencing disturbances (i.e., growth-survival tradeoff; Stearns, 
1989; Stearns, 1992). However, tradeoffs involving growth are less commonly investigated than 
others (e.g., those involving reproduction; Arendt, 1997), with mechanistic bases similarly 
seldom investigated. (Harris, 2020; Zera and Harshman, 2001). Hormones are prime candidates 
for modulating tradeoffs because they affect multiple life history traits (i.e., are pleiotropic; 
Lailvaux and Husak, 2014; Stearns, 1989; Zera and Harshman, 2001). 
Glucocorticoid hormones (GCs) are thought to mediate tradeoffs between survival and 
reproduction and could also mediate growth-survival tradeoffs (Breuner et al., 2008). GCs are 
metabolic hormones secreted from the hypothalamic-pituitary-adrenal/interrenal (HPA/I) axis in 
vertebrates. At baseline levels, GCs regulate energetic balance, homeostasis, growth, and 
development (McEwen and Wingfield, 2003). In response to stressors, such as natural and 
anthropogenic disturbances, GCs increase and redirect energy and alter behaviors to benefit 
survival (reviewed in Sapolsky et al., 2000). Nevertheless, effects of increased GCs can be 
context dependent and have a positive, a negative, or no relationship with survival (Breuner et 
al., 2008; Crespi et al., 2013; Jimeno et al., 2018). Chronic exposure to GCs is generally believed 
to decrease growth across taxa; increased GCs reduce growth of alligators (Morici et al., 1997), 
amphibians (Crespi and Warne, 2013; Glennemeier and Denver, 2002b), birds (Saino et al., 
2005; Wada and Breuner, 2008), fish (Barton et al., 1987; Sopinka et al., 2017), and mammals 
(Sheriff et al., 2009). Hence, GCs are strong candidates for mediating growth-survival tradeoffs. 
However, effects of GCs are seldom tied to survival and growth conconmitantly despite GCs 
being associated with both traits independently. 
Amphibians provide an excellent model system to determine the role of GCs in growth-
survival tradeoffs. Tradeoffs occur for amphibians in several contexts (e.g., Schiesari et al., 
2006; Wells and Harris, 2001; Werner, 1991) and GC physiology of amphibians is well 
described (reviewed in Denver, 2013). For example, growth-survival tradeoffs have been 
observed in the context of ‘stress-induced metamorphosis’ (Crespi and Warne, 2013; Warne et 
al., 2011). Activation of the HPI axis elevates corticosterone (hereafter, CORT, the predominant 
GC in amphibians; Macchi and Phillips, 1966), which suppresses growth of larval amphibians, 
and synergizes with thyroid hormone actions (Denver, 1999; Glennemeier and Denver, 2002b) to 
expedite metamorphosis, escape detrimental conditions, and enhance survival (e.g., pond drying; 
Crespi and Warne, 2013; Warne et al., 2011). During earlier stages of larval development, 
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elevations in CORT can reduce growth without accelerating development (Crespi and Warne, 
2013; Ledón-Rettig et al., 2009). The effect of this response on survival is unclear, but it is 
thought that suppression of growth and development could increase survival if other 
physiological systems are activated in response to challenges. Growth-survival tradeoffs may 
also occur in response to anthropogenic disturbances because individuals that survive can grow 
and develop slower (e.g., when exposed to contaminants; Sparling et al., 2010). However, the 
roles of CORT in mediating growth, development, and survival of larval amphibians in response 
to natural and anthropogenic challenges are still unclear.  
Increased salinity is a pervasive and persistent contaminant in aquatic ecosystems that 
may initiate a growth-survival tradeoff in amphibians. Several human activities can increase 
salinity, including the application of road deicers, wastewaters from energy production, and 
irrigation (reviewed in Herbert et al., 2015). Amphibians are sensitive to contaminants such as 
salinity (Hintz and Relyea, 2019) because of their porous skin and dependence on freshwater in 
the larval phase (Shoemaker and Nagy, 1977). Larval amphibians surviving exposure to 
increased salinity can be smaller (Sanzo and Hecnar, 2006; Tornabene et al., 2020; but see 
Dananay et al. 2015; Hall et al. 2017), suggesting enhancement of survival at a deficit to growth, 
but mechanisms mediating these changes are not well understood. CORT could mediate effects 
of salinity by reallocating energy from growth towards functions that enhance survival. Elevated 
salinity can increase CORT in amphibians (Hall et al., 2020; Hopkins et al., 2016) and signaling 
through both mineralocorticoid and glucocorticoid receptors is thought to benefit osmoregulation 
of fishes and amphibians experiencing salt stress (McCormick, 2001; Uchiyama and Konno, 
2006). ATPase activity of larval amphibians increases with exposure to salinity in order to 
transport sodium and reverse osmotic imbalances, but this is energetically demanding (Hopkins 
et al., 2016; Wu et al., 2012). Therefore, determining CORT responses may provide insight into 
the relationships between exposure to salinity and physiology, growth, survival, and tradeoffs 
among these traits for larval amphibians.  
We tested the effects of salinity on CORT physiology, survival, growth, and development 
of a widespread amphibian species. We had three main objectives: (1) determine lethal and 
sublethal effects of this prominent anthropogenic stressor on a larval amphibian; (2) evaluate 
potential tradeoffs between survival and growth for larvae undergoing this challenge; and (3) 
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directly assess the influence of CORT on life history traits and mediating tradeoffs between 
growth and survival by manipulating CORT signaling for larvae exposed to increased salinity.  
  
MATERIALS AND METHODS 
Study species and experimental setup 
We conducted our experiment on Northern Leopard Frogs (Rana pipiens Schreber, 1782; 
hereafter, leopard frogs). Leopard frogs are susceptible to increased salinity from road salts and 
high-salinity wastewaters from energy production (Hossack et al., 2018; Tornabene et al., 2020; 
Wilson et al., 2008). Hereafter, we define increased salinity as increased chloride (Cl-) from 
sodium chloride salts (NaCl). Leopard frogs are an ideal species to study mechanisms mediating 
effects of increased salinity because the roles of CORT in their fitness-related traits have been 
previously described (Glennemeier and Denver 2002a,b).  
We collected larvae (standardized to Gosner developmental stage 29 or 30; Gosner, 
1960) with seines and dipnets from two wetlands uncontaminated by NaCl (< 32 mg Cl- l-1) in 
Pary and Norman Waterfowl Production Areas in Montana and North Dakota, USA, 
respectively. We measured Cl- concentrations of source and experimental waters with Hach 
QuanTab Cl- titration test strips (accuracy ± 10%; Hach Co., Loveland, Colorado, USA). Larvae 
were acclimated to laboratory conditions (21°C, 14:10 light:dark cycle) for four days prior to 
initiating our experiment. Protocols for animal collection, animal housing, and experiments were 
approved by the University of Montana Institutional Animal Care and Use Committee (UM 
IACUC Animal Use Proposal #024-18BHWB-050818 and #003-18BHWB-020618). We 
collected larvae under U.S. Fish and Wildlife special use permit #61530-18-003 and #62560-18-
023; Montana Fish, Wildlife & Parks scientific collection permit #2019-100-W; and North 
Dakota Game and Fish collection license #GNF04882458. 
We conducted our experiment at a US Fish and Wildlife Service facility in Crosby, North 
Dakota. Each experimental unit was one larval leopard frog in a 1-l container with 800 ml of 
treatment water. Our experiment was a full 4×2 factorial design with 20 replicates per NaCl (0, 
200, 1000, or 4000 mg Cl- l-1) and RU486 treatment (treated or not; Figure 1). NaCl treatments 
spanned a gradient of environmentally relevant concentrations in areas contaminated by road 
salts and energy-related wastewaters (Gleason and Tangen, 2014; Hart et al., 2003; Schuler et al., 
2018). We chose 200 mg Cl- l-1 because it is near the EPA standard for Cl- contamination and 
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1000 and 4000 mg Cl- l-1 because they have sublethal and lethal effects on larval leopard frogs 
(Tornabene et al., 2020; US Environmental Protection Agency, 1988). Hereafter, concentrations 
(i.e., mg or g l-1) refer to Cl- unless stated otherwise and ‘control’ refers to the 0 mg l-1 treatment.  
We made NaCl treatments from a stock solution of 20 g l-1 prepared using pure NaCl 
(ACS certified > 99.0% purity; Thermo Fisher Scientific, Waltham, Massachusetts, USA) and 
tap water treated with Tetra AquaSafe Plus to remove chloramines (Spectrum Brands Pet, LLC, 
Blacksburg, Virginia, USA). We matched desired exposure concentrations by diluting aliquots of 
the stock solution with tap water treated with Tetra AquaSafe Plus. Control treatments were 
always below Cl- detection limits (< 32 mg l-1) and nominal concentrations were within 4.7% 
(s.d. = 5.2%) of actual concentrations.  
To experimentally determine the role of CORT on growth and survival we treated larvae 
with RU486, a GC receptor antagonist, to suppress CORT signaling (also known as 
mifepristone; SKU M8046, Sigma-Aldrich, St. Louis, Missouri, USA). RU486 specifically 
antagonizes GC receptors, but not higher-affinity mineralocorticoid receptors that influence salt 
and water balance (Ledón-Rettig et al., 2009). GC receptors influence energy balance, among 
other actions, and are primarily activated with elevated CORT during a stress-response (Breuner 
and Orchinik, 2009; De Kloet et al., 1998; Lattin et al., 2012). RU486 also disrupts negative 
feedback mechanisms and often leads to elevated CORT (Ledón-Rettig et al., 2009). We 
prepared solutions according to previous methods, including first dissolving RU486 in an ethanol 
vehicle and mixing with double-distilled water, and applied 96 µl of 1,000 nM RU486 to each 
RU486-assigned experimental unit; this concentration suppresses CORT without toxic effects 
(Crespi and Denver, 2004; Das and Brown, 2004; Ledón-Rettig et al., 2009). Hereafter, we refer 
to larvae not exposed to RU486 as ‘active CORT’ and those exposed to RU486 as ‘suppressed 
CORT’ (Figure 1).  
We exposed larvae to NaCl and RU486 treatments for 24 d. Prior to exposure, we 
combined all larvae into one large bin allowing them to mix freely, randomly selected one larva 
at a time, and randomly assigned them to treatment groups. A random number generator was 
used to randomly select and assign larvae. We changed water every 4 d, reapplied respective 
treatments, and measured Cl- concentration of each batch of treatment solutions. We monitored 
survival daily and removed larvae that were dead or unresponsive to repeated prodding. Larvae 
were fed weight-specific food rations (10% per capita of boiled spinach) each day, prior to and 
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during the experiment, based on mean larval mass of controls to account for the influence of 
food ration on growth (Relyea, 2002; Wilbur, 1977) and CORT levels (Kitaysky et al., 2007; 
Landys et al., 2004). At the conclusion of the experiment, we euthanized all larvae with buffered 
MS-222 (tricaine methanesulfonate; Western Chemical, Inc., Ferndale, Washington, USA) and 
immediately measured snout-vent length (SVL; mm), weighed to measure wet mass (g), 
determined developmental stage (according to Gosner, 1960), and stored them at -20°C. We then 
freeze dried all larvae for 24 h and weighed again to obtain dry mass (g) and percent water. 
Percent water was calculated by dividing the remainder of wet mass minus dry mass by wet 
mass. 
 
Waterborne hormone collection, extraction, and quantification 
To test the influence of NaCl on changes in CORT secretion, and whether CORT 
mediates effects of NaCl on larvae, we non-invasively collected waterborne CORT samples. We 
collected waterborne CORT samples for four randomly selected larvae from each treatment 
combination (NaCl ´ RU486) during water changes on days 0, 4, 8, 16 and 24. Waterborne 
CORT is consistently, positively correlated with blood plasma CORT in several amphibian 
species (reviewed in Narayan et al., 2019). We measured initial CORT levels from water 
samples prior to applying treatments on day 0 of the experiment. We collected water samples 
between 1300 and 1600 hr each day to avoid confounding effects of circadian rhythms on 
circulating CORT (e.g., Thurmond et al., 1986; Wright et al., 2003).  
We generally followed the methods of Gabor et al. (2013) to collect waterborne CORT. 
We placed larvae in 950-ml polypropylene containers with 200 ml of respective treatment water 
for 1 hr to quantify baseline CORT. To quantify stress-induced CORT, and assess the ability of 
larvae to respond to an additional stressor, we then placed larvae in new containers with fresh 
respective treatment water, shook larvae in containers for 5 min, and left larvae for another 55 
min (Coddington and Cree, 1995; Glennemeier and Denver, 2002a; Narayan et al., 2011; 
Narayan and Hero, 2013; Santymire et al., 2018). Larvae were transferred between containers in 
< 1 min to minimize elevations in CORT from handling. After collecting waterborne CORT 
samples on each occasion, we measured mass and determined developmental stage of each larva. 
We did not use RU486 in waters for hormone collection to avoid interference with subsequent 
hormone quantification. We collected 100 ml of baseline and stress-induced CORT water 
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samples in screw top HDPE bottles. Hormone water samples were stored at -20°C until 
processed. Between collection days, we rinsed all containers and sieves with 100% ethanol, 
washed with tap water, sterilized with Virkon (Lanxess Co., Pittsburgh, Pennsylvania, USA), 
rinsed with lab water, and allowed them to dry.  
We generally followed methods of Earley and Hsu (2008) and Gabor et al. (2013) to 
extract CORT from water samples. Water samples were filtered through quantitative grade filter 
paper (coarse Q8 filter paper; Fisher Scientific, Hampton, New Hampshire, USA) to remove 
large organic matter. We concentrated CORT using C18 solid phase extraction columns (Sep-
Pak Vac C-18, 500 mg, 3.0 ml; Waters Corporation, Milford, Massachusetts, USA) and a 12-port 
solid phase extraction manifold (Vac Elut 12; Agilent Technologies, Santa Clara, California, 
USA). We primed columns with 4 ml of HPLC-grade methanol followed by 4 ml of double-
distilled water. We used Tygon tubing (Saint-Gobain formulation 2475; Saint-Gobain 
Performance Plastics, Courbevoie, France) to transfer the sample from storage bottles through 
columns. Rate of flow was held at ~2 ml min-1. We purged salts from each column with 4 ml 
distilled water and then eluted hormones into borosilicate vials with 4 ml methanol. Samples 
were placed in a 37°C water bath and methanol was evaporated from eluted hormone samples 
using an evaporating manifold and a gentle stream of nitrogen. We resuspended hormone pellets 
in enzyme immunoassay buffer (EIA) and stored samples at -20°C. We resuspended all samples 
from the experiment with 4 ml of 95% EIA buffer: 5% ethanol, which we optimized with trial 
samples prior to processing samples from the experiment.  
We used enzyme immunoassays (EIAs) to quantify CORT in each sample (Cayman 
Chemicals Inc., Ann Arbor, Michigan, USA). We ran samples in duplicate and followed 
manufacturer procedures, including reading each plate at 414 nm (5–7 nm bandwidth; Multiskan 
Ascent, Thermo Fisher Scientific; Waltham, Massachusetts, USA). Any samples above the EIA 
standard curve (if ≤ 20% bound) were diluted (typically 1:3) and run again. We did not subtract 
background CORT, which can occur in water used to create treatment waters (e.g., Gabor et al., 
2018), from waterborne CORT samples. Background CORT was below the analytical sensitivity 
of our assays (< 30 pg ml-1 CORT) and all treatment waters had the same water source. Baseline 
and stress-induced CORT samples are presented as release rates (pg h-1), an integrated CORT 
measure collected over one hour (Narayan et al., 2019).  
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Analytical and biological validation of EIAs 
We assessed parallelism of a serial dilution curve with the standard curve, determined 
quantitative recovery, and documented intra- and inter-assay variation. To assess parallelism, we 
pooled 50 µl of 26 randomly selected samples that were outside of the curve, before further 
dilution, because they could be serially diluted without overdiluting. We used linear regression 
of percent CORT bound against pg/ml concentrations for eight serial dilutions of the standard 
curve (~8–5000 pg ml-1 CORT; 1:2–1:256) and six serial dilutions of the pooled sample (~100–
1,600 pg ml-1 CORT; 1:1–1:10). The dilution curve was parallel to the standard curve 
(comparison of slopes, F = 0.049 and p = 0.829). For quantitative recovery, we pooled 50 µl of 
100 randomly selected samples. We spiked six aliquots of the pooled sample with one of six EIA 
standards and ran an unmanipulated pooled sample. We assessed linearity of observed compared 
to expected values of spiked samples using linear regression. Expected and observed values were 
linear to one another (slope = 1.04; F1,4 = 4,026, p < 0.001, R2 = 0.998). We calculated recovery 
by dividing observed by expected concentrations; minimum recovery was 95% (Millikin et al., 
2019). Of 12 EIA plates, which all included positive controls, mean intra-assay variation was 
7.63% (95% confidence interval [95% c.i.] = 4.42–10.85%) and inter-assay variation was 
12.73%. All samples had higher CORT concentrations than our poorest sensitivity (37.5 pg ml-1 
CORT) and mean sensitivity of EIAs was 21.14 pg ml-1 CORT (95% c.i. = 17.48–24.80 pg ml-1 
CORT). We biologically validated EIAs by comparing baseline and stress-induced CORT 
release rates with a t-test to ensure we could detect changes in CORT release rates of larvae 
following an acute challenge (shaking). Pooled across all active CORT NaCl treatments, stress-
induced release rates were 1.2´ higher than baseline release rates (t76 = -5.50, p < 0.001). 
 
Statistical analyses 
Sublethal effects of NaCl and mediation by CORT  
For larvae that survived exposures, we used simple linear regression to test whether mass 
(wet and dry), snout-vent length (SVL), development, and percent water varied based on NaCl 
and RU486 treatments. To determine if effects of NaCl treatment depended upon RU486 
treatment, we compared additive (NaCl treatment + RU486) and interactive (NaCl treatment × 
RU486) models with likelihood ratio tests. We investigated main effects of models using F-tests 
 47 
(‘anove.lme’ function). We conducted all analyses and assessed assumptions of all analyses in 
Program R (v3.6.3; R Core Team, 2019). 
 
Temporal changes in CORT, mass, and development 
 For randomly-selected larvae measured during each CORT sampling period, we used 
generalized linear mixed models (GLMMs; package ‘nlme’, Pinheiro et al., 2017) to test for 
differences among NaCl treatments and days for baseline CORT, stress-induced CORT, mass, 
and development. We accounted for repeated measures on the same individuals by including a 
random effect of unique experimental unit number. We did not test for differences in CORT for 
suppressed CORT larvae because RU486 disrupts negative feedback mechanisms. Baseline and 
stress-induced CORT were natural-log transformed to achieve normality. We weighted each 
CORT sample by the inverse of its coefficient of variance (between duplicate EIA samples) 
calculated during quantification. Thus, CORT samples with low coefficients of variance would 
be more heavily weighted in the model and vice versa. We investigated main effects in each 
model using F-tests (‘anove.lme’ function).  
 
Associations between CORT and survival 
We compared ln-transformed CORT release rates between larvae that survived and those 
that died, pooled across NaCl treatments, throughout the experiment with GLMMs. Some 
individuals were sampled multiple times and we accounted for repeated samples by including a 
random effect. We examined baseline and stress-induced CORT separately and also examined 
active and suppressed CORT larvae separately. All larvae in the highest salinity group of 
suppressed CORT larvae died by day 4 leading to model convergence issues when analyzing 
active and suppressed CORT larvae together. We included suppressed CORT larvae because of 
the possibility for high concentrations of CORT to outcompete RU486 (i.e., a dose-dependent 
response). 
 
Associations between NaCl, CORT, and growth and development 
We examined changes in CORT release rates as active CORT larvae grew and developed. 
We used GLMMs to test the effect of ln-transformed mass and development separately on ln-
transformed baseline and stress-induced CORT and whether this depended on NaCl treatment. 
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We separately investigated effects of mass and development because the two variables were 
strongly correlated (Pearson’s correlation coefficient = 0.64). Some individuals were sampled 
multiple times and we accounted for repeated samples by including a random effect. For mass, 
we used likelihood ratio tests ('lmtest' package; Hothorn et al., 2019) to assess whether model fit 
was improved by using a ln or quadratic transformation of mass. We also used likelihood ratio 
tests to test whether effects of mass or development were dependent on NaCl treatment by 
comparing between additive and interactive models. Models and figures for CORT-mass and -
development relationships include mass-standardized CORT release rates (pg g-1 h-1) to assess 
development of the HPI axis (hypothalamic-pituitary-interrenal in amphibians) as larvae grew.  
 
Confounding effects among NaCl treatment, mass, CORT, and survival 
It is common to standardize waterborne CORT release rates (pg h-1) by dividing by mass 
(g) or SVL (mm) of individuals (i.e., pg g-1 h-1 or pg SVL-1 h-1; Gabor et al., 2013; Scott et al., 
2008). However, this can bias samples because of the allometric relationship between surface 
area and mass, thereby inflating or deflating CORT per unit mass (Archard et al., 2012; Scott et 
al., 2008). To account for this, we instead included wet mass as a covariate and ln-transformed 
CORT release rates (Archard et al., 2012). Additionally, mass influences survival (Boyce et al., 
2020; Sæther, 1989) and mass also independently influences CORT (Wingfield, 1994). 
Therefore, we ran survival models with and without mass as a covariate because of possible 
confounding effects of mass on CORT and survival.  
 
RESULTS 
Sublethal effects of NaCl and mediation by CORT 
Increasing NaCl decreased development, snout-vent length (SVL), dry and wet mass, and 
increased percent water of larvae; however, effects were attenuated when CORT signaling was 
also suppressed (Figure 2A–D and Tables 1 and S1). Effects of NaCl on development, dry mass, 
and percent water depended on whether RU486 was applied (support for interactive models), but 
not for SVL and wet mass (support for additive models; Table S2). For active CORT larvae, 
those in 1,000 and 4,000 mg l-1 had lower development and dry mass than controls, but higher 
percent water (Figure 2A,C,D). Larvae in 4,000 mg l-1 also had lower SVL and wet mass than 
controls (Figs 2B and S1). All suppressed CORT larvae in 4,000 mg l-1 died before end-of-
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experiment measurements. For suppressed CORT larvae, only those in 1,000 mg/l had reduced 
development (Figure 4A) and only those in 200 mg l-1 had lower wet and dry mass (Figure 
4B,C). However, effects of NaCl on suppressed CORT larvae were less than on active CORT 
larvae. Percent water and SVL of suppressed CORT larvae did not differ among NaCl treatments 
(Figure S1). 
 
Temporal changes in CORT, mass, and development 
Baseline CORT of larvae in the highest NaCl treatment (4000 mg l-1) was lower than 
controls on days 8 and 16, but there were no differences in baseline or stress-induced CORT 
among NaCl treatments at the end of the experiment (day 24; Figure S2 and Table S3). Mass and 
developmental stage of active CORT larvae increased throughout the experiment. However, 
those exposed to increased NaCl grew and developed less than controls (Figure 3 and Table S4 
and S5). For suppressed CORT larvae, mass and development of larvae exposed to NaCl did not 
differ from controls throughout the experiment except for larvae in the highest NaCl treatment on 
day 4.  
 
Associations between CORT and survival 
Based on raw survival data, NaCl decreased survival of larvae and the effect was 
magnified when CORT signaling was suppressed. For active CORT larvae, 10% of larvae in the 
highest NaCl treatment (4000 mg l-1) survived after 24 days of exposure (Fig 4A). When CORT 
signaling was suppressed, all larvae in the highest NaCl treatment died by day 5 (Figure 4B). 
Survival was > 95% in controls and generally high (> 80%) in all other treatment combinations. 
Based on GLMMs, larvae that survived had higher baseline and stress-induced CORT compared 
to those that died whether larvae were exposed to RU486 or not (active or suppressed CORT 
larvae; Figure 5A,B). Survival GLMMs with mass had similar trends as those without (Table 2).  
 
Associations between NaCl, CORT, and growth and development 
As control larvae grew, baseline CORT maintained a flat relationship with wet mass 
while stress-induced CORT increased with wet mass (Figure 6A,B and Table S4). As larvae 
developed, baseline and stress-induced CORT of control larvae increased with developmental 
stage (Figure 6C and D and Table S5). Exposure to NaCl altered these patterns. For larvae 
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exposed to NaCl, baseline and stress-induced CORT were negatively associated with mass and 
development. Therefore, NaCl blocked or reduced relationships between CORT and mass or 
development compared to controls. The effect of mass and development on CORT depended on 
which NaCl treatment was applied, except for development and stress-induced CORT (Table 
S6). Specifically, baseline CORT g-1 of larvae in control and 200 mg l-1 were stable with 
increasing mass. However, baseline CORT g-1 of larvae in 1,000 and 4,000 mg l-1 marginally 
decreased with increasing mass (Figure 6A). Stress-induced CORT g-1 of the control group 
increased with mass and development, while 200 and 4,000 mg l-1 decreased (Figure 6B,D). We 
did not find evidence that relationships between baseline CORT and development differed 
between controls and larvae exposed to NaCl (Figure 6C and Table 3). Including ln-transformed 
mass provided the best fit for modelling mass-CORT relationships (Table S6). 
 
DISCUSSION  
We examined the effects of increased salinity on larval leopard frogs and, by suppressing 
GC receptors, provide strong evidence that CORT physiology mediates the outcome of a growth-
survival tradeoff. Increased salinity reduced growth and development of larvae, but effects were 
attenuated when CORT signaling was suppressed. For suppressed CORT larvae, normal growth 
and development continued at the cost of reduced survival, particularly for larvae in our highest 
salinity treatment. Waterborne CORT was also higher for larvae that survived, indicating that 
CORT enhanced survival of larvae exposed to increased salinity. By repeatedly measuring 
CORT over time, we also illustrate that salinity can dysregulate the HPI axis by reversing 
relationships between baseline or stress-induced CORT and increasing growth and development.  
Our findings support the CORT-tradeoff hypothesis wherein CORT physiology 
adaptively enhances survival at a cost to another life history trait (Patterson et al., 2014; 
Wingfield and Sapolsky, 2003; Wingfield, 1994). Indeed, CORT is thought to mediate tradeoffs 
because of its role in resource allocation and actions on many different cell types and 
physiological systems (reviewed in Harris, 2020). Most studies focus on reproductive-survival 
tradeoffs when discussing the ‘CORT-tradeoff’ hypothesis. In our study, however, CORT 
physiology mediated a growth-survival tradeoff wherein survival was enhanced at a detriment to 
growth and development. The opposite occurred when CORT signaling was suppressed—growth 
and development were maintained and survival decreased. Elevated CORT decreases growth of 
 51 
larval leopard frogs (Glennemeier and Denver, 2002b) and a variety of taxa (e.g., Morici et al., 
1997; Saino et al., 2005; Sheriff et al., 2009; Sopinka et al., 2017; Wada and Breuner, 2008). 
Elevated CORT is also thought to increase survival of amphibians by expediting metamorphosis 
(stress-induced metamorphosis; Crespi and Warne, 2013; Warne et al., 2011). However, our 
findings directly link CORT physiology with concomitant changes in growth and survival by 
suppressing GC receptors of some larvae and repeatedly monitoring CORT, growth, and survival 
over time. More studies are needed to determine if CORT physiology mediates this and other 
tradeoffs in other species of amphibians and with other stressors in and ex situ (Harris, 2020; 
Zera and Harshman, 2001). 
Suppressing CORT signaling increased mortality and the rate at which larvae died 
compared to active CORT larvae, but only in the highest NaCl treatment. Additionally, baseline 
and stress-induced waterborne CORT were both higher for larvae that survived than those that 
died. Therefore, we provide evidence that up-regulation of circulating CORT, GC receptors, or 
both play roles in enhancing survival of larval amphibians exposed to salinity. CORT-dependent 
increases in thyroid hormone are necessary for organ development and survival through 
metamorphosis (Shewade et al., 2020) and CORT expedites development of larval amphibians in 
unfavorable conditions (Denver, 1999; Hayes and Wu, 1994). Although most studies of survival 
focus on metamorphic amphibians, our study demonstrates that CORT directly enhances survival 
for pre-metamorphic larvae exposed to increased salinity, a chronic anthropogenic stressor. The 
positive association between CORT and survival that we found is similar to some studies, but 
contrasts with negative or no associations in other studies (reviewed in Breuner et al., 2008; 
Jimeno et al., 2018). Differences in pace-of-life, among other factors such as species identity and 
life history stage, may account for inconsistencies among studies (Crespi et al., 2013; Schoenle 
et al., 2020; Schoenle et al., 2018). Studies with faster pace-of-life species, such as leopard frogs 
in our study, found more positive CORT-survival relationships than those with slower pace of 
life species that had negative CORT-survival relationships (reviewed in Schoenle et al., 2020). A 
thorough understanding of the relationship between CORT and survival will require further 
investigations with many stressors and species to elucidate context-, life-stage-, and species-
specific responses (Breuner et al., 2008; Crespi et al., 2013).  
Waterborne CORT generally increased with growth and development for controls, 
similar to studies with the same and other amphibian species (see Glennemeier and Denver, 
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2002a), but exposure to a chronic stressor altered these relationships. Chronic exposure to 
salinity dysregulated the HPI axis and blocked or reduced changes in CORT with growth and 
development. Dysregulation of the HPI axis could compound negative influences of salinity 
because elevated CORT enhanced survival. Decreases in stress responsiveness could also have 
other negative consequences. Elevations in CORT can alter behaviors to enhance survival for 
organisms encountering natural and anthropogenic disturbances ('emergency life-history stage'; 
Wingfield et al., 1998). Larvae exposed to increased salinity can have decreased locomotor 
activity and performance, predator avoidance, and food intake (Denoël et al., 2010; Hall et al., 
2017). Therefore, decreased CORT might also mediate changes in behavior for larvae exposed to 
increased salinity.  
Differences in dry mass and percent water between larvae in controls and NaCl 
treatments indicated that larvae in saline treatments were osmotically imbalanced, but 
suppressing CORT signaling reversed these effects. Osmotic imbalance is common for 
freshwater vertebrates exposed to salinity and actions of CORT are thought to play a role in 
mitigating osmotic imbalance in amphibians and fishes (McCormick, 2001; Uchiyama and 
Konno, 2006). We provide evidence that CORT signaling via GC receptors may also play a role 
in maintaining osmotic homeostasis. Indirect actions of CORT, such as mobilizing energy to 
supply ATPase pumps, or direct actions could both occur. CORT and aldosterone are both 
regulated by the HPI axis and activate mineralocorticoid (MC) receptors that regulate fluids, 
electrolytes such as sodium, and blood pressure (Funder, 2005; Gorini et al., 2019). Larvae 
exposed to salinity in our experiment had increased water retention, similar to a previous study 
with wood frogs (Rana sylvatica LeConte, 1825; Hall et al., 2017), but this effect was mitigated 
when GC receptors were suppressed. Contrary to Hall et al. (2017), we did not find a positive 
association between CORT and water retention which suggests that increased GC receptor 
expression may have mediated water retention in our study. More research into the roles of 
CORT, aldosterone, and GC and MC receptor expression would benefit our understanding of 
physiological responses to salinity and osmotic stress in amphibians. 
Effects of salinity on physiological responses of amphibians, such as CORT and 
osmoregulatory mechanisms, are still poorly understood despite increasing salt contamination 
(Uchiyama and Konno, 2006; Ultsch et al., 1999; Wu et al., 2014). Our study demonstrates that 
CORT physiology can enhance survival of amphibians coping with an anthropogenic disturbance 
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such as salinity by mediating a growth-survival tradeoff. Identifying mechanistic links between 
disturbances and traits (e.g., size, development, vital rates) that influence population growth are 
critical. Determining mechanisms can enhance our understanding of physiological mediators of 
tradeoffs, identify vulnerabilities, and inform population models to make stronger predictions 
(Cañedo-Argüelles et al., 2019; Seebacher and Franklin, 2012). 
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Table 1. Summary statistics from F-tests for models testing the influence of NaCl treatment 
(‘Treatment’; 0, 200, 1000, or 4000 mg Cl- l-1) and RU486 exposure (exposed or not) and their 
interaction on developmental stage, dry mass (g), percent water (%), wet mass (g), or snout-vent 
length (mm) of larval leopard frogs. Wet mass and snout-vent length do not have interaction 
terms because the additive model provided a better fit to the data (Table S1 and S2).  
 
Trait Variable df F p 
Developmental stage Treatment 3 40.45 < 0.001 
 RU486 1 3.33 0.071 
 Treatment ´ RU486 2 5.06 0.008 
Dry mass Treatment 3 13.67 < 0.001 
 RU486 1 2.09 0.152 
 Treatment ´ RU486 2 8.92 < 0.001 
Percent water Treatment 3 6.74 < 0.001 
 RU486 1 0.00 0.998 
 Treatment ´ RU486 2 5.16 0.007 
Wet mass Treatment 3 8.36 < 0.001 
 RU486 1 0.08 0.773 
Snout-vent length Treatment 3 10.83 < 0.001 
 RU486 1 1.78 0.185 
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Table 2. Estimated coefficients (natural-log scale β’s and standard errors [SE]) and summary 
statistics for linear models comparing baseline and stress-induced corticosterone (CORT) 
between larval leopard frogs that survived or died after exposure to one of four NaCl treatments 
(0, 200, 1000, or 4000 mg Cl- l-1) and RU486 (‘CORT’ ‘Suppressed’) or not (‘Active’). Survival 
models were run with and without mass as a covariate because of possible confounding effects of 
mass on CORT and survival. 
 
      Without mass With mass 
CORT Measure Variable β SE t p β SE t p 
Active Baseline Intercept 1.83 0.05 33.31 < 0.001 1.61 0.10 15.23 < 0.001 
  Died -0.35 0.16 -2.16 0.038 -0.27 0.16 -1.71 0.097 
  Mass     0.61 0.23 2.60 0.014 
 Stress-induced Intercept 2.14 0.06 32.16 < 0.001 1.79 0.12 15.02 < 0.001 
  Died -0.45 0.19 -2.37 0.024 -0.33 0.18 -1.87 0.071 
  Mass     0.93 0.26 3.50 0.001 
Suppressed Baseline Intercept 3.70 0.16 21.89 < 0.001 2.64 0.31 8.49 <0.001 
  Died -1.38 0.53 -2.62 0.018 -0.73 0.50 -1.44 0.169 
  Mass     2.54 0.62 4.10 0.001 
 Stress-induced Intercept 3.90 0.16 24.67 < 0.001 3.14 0.30 10.31 <0.001 
  Died -1.30 0.52 -2.50 0.023 -0.88 0.51 -1.72 0.106 
  Mass     1.74 0.60 2.90 0.011 
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Table 3. Summary statistics from F-tests for models testing the influence of mass or 
developmental stage (‘Stage’) and NaCl treatment (‘Treatment’; 0, 200, 1000, or 4000 mg Cl- l-1) 
on corticosterone release rates (CORT; baseline and stress-induced) of larval leopard frogs not 
exposed to RU486.  
 
Response CORT Variable df F p 
Mass Baseline Mass 1,29 3.83 0.060 
  Treatment 3,40 1.15 0.342 
  Mass × Treatment 3,29 2.46 0.083 
 Stress-induced Mass 1,29 15.00 0.001 
  Treatment 3,40 0.47 0.706 
  Mass × Treatment 3,29 2.91 0.052 
Stage Baseline Developmental stage 1,32 0.00 0.955 
  Treatment 3,40 1.26 0.302 
 Stress-induced Stage 1,29 3.82 0.060 
  Treatment 3,40 6.80 < 0.001 





Figure 1. Factorial experimental design (4 × 2). We exposed larval leopard frogs to one of four 
NaCl treatments (0, 200, 1000, and 4000 mg Cl- l-1) and to RU486 (‘Suppressed CORT’ 
[corticosterone]) or not (‘Active CORT’). The experiment contained 20 individually housed 
larvae per treatment combination.  
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Figure 2. Effects of salinity and RU486 on wet mass and developmental stage of four randomly-
selected larval northern leopard frogs from each salinity treatment on days 0, 4, 8, 16, and 24. 
For larvae exposed to NaCl (mg Cl- l-1), mass (g; A and C) and developmental stage (Gosner 
stage; B and D) decreased relative to controls for active CORT larvae (not exposed to RU486; A 
and B) but not for suppressed CORT larvae (larvae also exposed to RU486; C and D). For 
‘Suppressed’ groups, all larvae in the 4,000 mg Cl- l-1 group died before end-of-experiment  (day 





Figure 3. Effects of salinity and RU486 on growth and development of surviving larval northern 
leopard frogs measured at the end of the experiment (day 24). Developmental stage (Gosner 
stage; A) and wet and dry mass (g; B and C) of larval leopard frogs generally decreased, and 
percent water generally increased (D), with increasing NaCl concentration (mg Cl- l-1) when 
corticosterone was ‘Active’. However, effects were attenuated when corticosterone was 
suppressed (i.e., with RU486; ‘Suppressed’). For ‘Suppressed’ groups, all larvae in the 4,000 mg 
Cl- l-1 group died before end-of-experiment measurements were taken. Means with 95% 




Figure 4. Observed survival of larval leopard frogs throughout the experiment. Survival 
decreased gradually in the highest salinity treatment (4,000 mg Cl- l-1; A, ‘Active CORT’, solid 
lines), but decreased rapidly for larvae also exposed to RU486 (B, ‘Suppressed CORT’, dashed 
lines). Survival of larvae was generally high in 0, 200, and 1000 mg Cl- l-1 treatments whether 
also exposed to RU486 or not.  
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Figure 5. Corticosterone (CORT) of larvae that survived or died after exposure to salinity and 
RU486. Pooled across NaCl treatments, larval leopard frogs that died (black dots and whiskers) 
had lower baseline and stress-induced corticosterone (‘CORT’) than those that survived (grey 
lines and whiskers) after exposure to one of four different NaCl concentrations (mg Cl- l-1) for 
Active CORT (A; not exposed to RU486) and Suppressed CORT (B; exposed to RU486) larvae. 
Larvae with suppressed CORT signaling (B) generally had higher CORT resulting from RU486 
(glucocorticoid receptor antagonist) inhibiting negative feedback mechanisms. Means and 95% 
confidence intervals are presented. 
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Figure 6. Relationships between corticosterone (CORT; pg g-1 h-1) and increasing wet mass and 
developmental stage. Exposure to NaCl dysregulated the HPI axis and reduced relationships 
between CORT and increasing mass or development relative to controls. Pooled across sampling 
periods (days 0, 4, 8, 16, and 24), baseline (A and C) and stress-induced (B and D) CORT of 
larvae exposed to salinity were negatively associated with wet mass (g; A and B) and 
developmental stage (C and D). Lines represent model-estimated relationships with 95% 





Table S1. Estimated coefficients (normal scale β’s and standard errors [SE]) and summary 
statistics for linear models testing the influence of NaCl treatment (‘Treatment’; 200, 1000, or 
4000 mg/L Cl-), RU486 exposure (exposed or not), and their interaction on developmental stage, 
dry mass (g), percent water (%), wet mass (g), or snout-vent length (mm) of larval leopard frogs. 
The control group (0 mg/L Cl-) is the reference level in all models. Wet mass and snout-vent 
length do not have interaction terms because the additive model had better model fit (see Table 
S4).   
Trait Variable β SE t p 
Developmental stage Intercept 37.05 0.18 205.73 < 0.001 
 Treatment200 -1.22 0.26 -4.65 < 0.001 
 Treatment1000 -2.05 0.27 -7.59 < 0.001 
 Treatment4000 -4.30 0.44 -9.75 < 0.001 
 RU486 -0.47 0.26 -1.83 0.071 
 Treament200 x RU486 0.76 0.38 2.02 0.046 
 Treament1000 x RU486 1.20 0.39 3.11 0.002 
Dry mass Intercept 0.08 0.00 26.38 < 0.001 
 Treatment200 0.01 0.00 1.87 0.064 
 Treatment1000 -0.01 0.00 -2.34 0.021 
 Treatment4000 -0.04 0.01 -4.74 < 0.001 
 RU486 0.01 0.00 1.44 0.152 
 Treament200 x RU486 -0.02 0.01 -3.46 < 0.001 
 Treament1000 x RU486 0.00 0.01 0.60 0.552 
Percent water Intercept 95.48 0.14 668.30 < 0.001 
 Treatment200 -0.43 0.21 -2.05 0.043 
 Treatment1000 0.55 0.21 2.54 0.013 
 Treatment4000 0.28 0.35 0.80 0.426 
 RU486 0.00 0.20 0.00 0.998 
 Treament200 x RU486 0.61 0.30 2.03 0.046 
 Treament1000 x RU486 -0.40 0.31 -1.30 0.195 
Wet mass Intercept 1.90 0.06 33.46 < 0.001 
 Treatment200 -0.12 0.07 -1.67 0.098 
 Treatment1000 -0.07 0.07 -0.97 0.335 
 Treatment4000 -0.81 0.16 -4.95 < 0.001 
 RU486 0.02 0.06 0.29 0.773 
SVL Intercept 22.43 0.26 86.92 < 0.001 
 Treatment200 -0.43 0.32 -1.33 0.187 
 Treatment1000 -0.82 0.33 -2.47 0.015 
 Treatment4000 -4.07 0.74 -5.51 < 0.001 
  RU486 -0.36 0.27 -1.34 0.185 
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Table S2. Summary statistics for likelihood ratio tests of model fit for simple linear models 
investigating the influence of NaCl and RU486 on four traits comparing between additive (NaCl 
treatment + RU486) and interactive (NaCl treatment × RU486) models. For all comparisons, 
degrees of freedom (df) is equal to 2.   
  
Trait c2 p 
Developmental stage 10.30 0.006 
Dry mass 17.57 < 0.001 
Percent water 10.51 0.005 
Snout-vent length 0.23 0.890 




Table S3. Summary statistics for main effects (‘Variable’) from models investigating the 
influence of NaCl treatment (‘Treatment’), day, and their interaction on baseline and stress 
induced CORT of active CORT larvae (not exposed to RU486) and mass and developmental 
stage (Stage) of active and suppressed CORT larvae. CORT was not analyzed for larvae exposed 
to RU486 because negative feedback mechanisms were suppressed.  
 
    Active Suppressed 
Response Variable df F p df F p 
Baseline Treatment 3,40 4.84 0.006    
 Day 4,16 19.13 < 0.001    
 Treatment × Day 12,16 9.36 < 0.001    
 Mass 1,16 1.93 0.184    
Stress-induced Treatment 3,40 0.39 0.761    
 Day 4,16 1.84 0.170    
 Treatment × Day 12,16 1.90 0.114    
 Mass 1,16 5.88 0.028    
Mass Treatment 3,40 1.91 0.144 3,44 2.00 0.128 
 Day 1,29 39.68 < 0.001 1,13 29.00 < 0.001 
 Treatment × Day 3,29 6.27 0.002 3,13 1.86 0.186 
Stage Treatment 3,40 1.92 0.142 3,40 1.92 0.142 
 Day 1,29 107.25 < 0.001 1,29 107.25 < 0.001 




Table S4. Estimated coefficients (natural-log scale β’s and standard errors [SE]) and summary 
statistics for generalized linear mixed models testing the influence of mass (natural-log 
transformed), NaCl treatment (200, 1000, or 4000 mg/L Cl-), and their interaction on baseline 
and stress-induced corticosterone release rates of larval leopard frogs not exposed to RU486. The 
control group is the reference level in all models. ‘SE’ is standard error.  
 
CORT release rate Variable β SE df  t p 
Baseline Intercept 1.29 0.23 40 5.47 < 0.001 
 Mass 0.93 0.48 29 1.96 0.060 
 Treatment200 0.21 0.34 40 0.62 0.540 
 Treatment1000 0.83 0.45 40 1.82 0.076 
 Treatment4000 0.29 0.27 40 1.06 0.295 
 Mass × Treatment200 0.28 0.77 29 0.37 0.717 
 Mass × Treatment1000 -1.69 0.94 29 -1.78 0.085 
 Mass × Treatment4000 -1.26 0.68 29 -1.87 0.072 
Stress-induced Intercept 1.45 0.30 40 4.84 < 0.001 
 Mass 2.13 0.55 29 3.87 0.001 
 Treatment200 0.48 0.41 40 1.17 0.249 
 Treatment1000 0.18 0.46 40 0.39 0.697 
 Treatment4000 0.25 0.35 40 0.72 0.475 
 Mass × Treatment200 -1.63 0.90 29 -1.81 0.081 
 Mass × Treatment1000 -1.08 0.95 29 -1.13 0.266 




Table S5. Estimated coefficients (natural-log scale β’s and standard errors [SE]) and summary 
statistics for generalized linear mixed models testing the influence of developmental stage 
(‘Stage’), NaCl treatment (200, 1000, or 4000 mg/L Cl-), and their interaction on baseline and 
stress-induced corticosterone release rates of larval leopard frogs not exposed to RU486. The 
control group is the reference level in all models. ‘SE’ is standard error.  
 
Measure Variable β SE df  t p 
Baseline Intercept 1.301 0.693 40 1.88 0.068 
 Stage -0.001 0.020 32 -0.06 0.955 
 Treamtent200 0.087 0.167 40 0.52 0.604 
 Treatment1000 0.318 0.174 40 1.83 0.074 
 Treatment4000 0.050 0.160 40 0.31 0.757 
Stress-induced Intercept -0.464 1.261 40 -0.37 0.715 
 Stage 0.071 0.036 29 1.95 0.060 
 Treatment200 3.663 1.696 40 2.16 0.037 
 Treatment1000 2.010 1.623 40 1.24 0.223 
 Treatment4000 10.860 2.476 40 4.39 0.000 
 Stage x Treatment200 -0.114 0.050 29 -2.30 0.029 
 Stage x Treatment1000 -0.068 0.048 29 -1.42 0.166 




Table S6. Summary statistics for likelihood ratio tests of model fit for generalized linear mixed 
models testing the influence of mass and NaCl treatment (‘Treatment’; 0, 200, 1000, or 4000 
mg/L Cl-) on baseline and stress-induced corticosterone release rates of non-RU486-exposed 
larval leopard frogs. ‘Mass’ (not transformed) and ‘Mass2’ (quadratic transformation) models are 
in comparison to one with ln-transformed mass and indicate models with ln-transformed mass 
had better model fit. ‘Additive:Mass’ and ‘Additive:Stage’ compare an additive model (Mass or 
Developmental stage + Treatment) to an interactive model (Mass or Developmental Stage × 
Treatment).  
 
Measure Model df c2 p 
Baseline Mass 0 2.46 < 0.001 
 Mass2 0 11.47 < 0.001 
 Additive:Mass 3 10.95 0.012 
 Additive:Stage 3 0.75 0.860 
Stress-induced Mass 0 2.88 < 0.001 
 Mass2 0 11.75 < 0.001 
 Additive:Mass 3 12.77 0.005 




Figure S1. Mean (with 95% confidence intervals) snout-vent length (mm) was lower for larvae 
exposed to the highest NaCl treatment (4000 mg/L Cl), but not exposed to RU486 (‘Active’).  
For ‘Suppressed’ groups, all larvae in the 4,000 mg/L Cl- group died before end-of-experiment 
measurements were taken. 
 
Figure S2. Mean (with 95% confidence intervals) baseline (A) and stress-induced (B) 
corticosterone release rate (‘CORT’; pg/g/hr) of active CORT (not exposed to RU486) larvae 
exposed to one of four concentrations of NaCl (‘Chloride’; mg/L Cl) by day of experiment. 
CORT release rates are corrected by mass for demonstrative purposes.   
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Evaluating corticosterone as a biomarker for amphibians exposed to 
increased salinity and ambient corticosterone 
 
Brian J. Tornabene, Blake R. Hossack, Erica J. Crespi, and Creagh W. Breuner 
 
ABSTRACT 
Physiological biomarkers are commonly used to assess the health of taxa exposed to 
natural and anthropogenic stressors. Glucocorticoid hormones (GCs) are often used as indicators 
of physiological stress in wildlife because they affect growth, reproduction, and survival. 
Increased salinity from human activities negatively influences amphibians and their 
corticosterone (CORT; the main amphibian GC) physiology; therefore, CORT could be a useful 
biomarker. We evaluated whether waterborne CORT could serve as a biomarker of salt stress for 
three amphibian species that vary in their sensitivity to salinity: boreal chorus frogs (Pseudacris 
maculata), northern leopard frogs (Rana pipiens), and barred tiger salamanders (Ambystoma 
mavortium). Across a wide gradient of salt contamination, we tested the influence of salinity on 
baseline and stress-induced waterborne CORT of larvae. Stress-induced, but not baseline, CORT 
of leopard frogs increased with increasing salinity. Salinity was not associated with baseline or 
stress-induced CORT of chorus frogs or tiger salamanders. Associations between CORT and 
salinity were also not related to species-specific sensitivities to salinity. However, we detected 
background environmental CORT (ambient CORT) in all wetlands and spatial variation was high 
within and among wetlands. Ambient CORT was positively associated with lower waterborne 
CORT of larvae in wetlands. Therefore, ambient CORT likely confounded associations between 
waterborne CORT and salinity in our analysis and could influence physiology of larvae. We 
hypothesize that larvae may passively take up CORT from their environment and downregulate 
endogenous CORT. Although effects of some hormones (e.g., estrogen) and endocrine disruptors 
on aquatic organisms are well-described, studies investigating the occurrence and effects of 
ambient CORT are limited. We provide suggestions to improve collection methods, reduce 
variability, and avoid confounding effects of ambient CORT. Despite these challenges, 
waterborne CORT is a promising, noninvasive conservation tool that may still be useful to 





It is important to evaluate tools to assess the health of wildlife species affected by 
anthropogenic disturbances and inform management efforts (Wikelski and Cooke, 2006). 
Physiological biomarkers are one such tool that are often used to gauge responses and 
vulnerability of wildlife to disturbances (McCarthy and Shugart, 1990; Roy et al., 1996; 
Wikelski and Cooke, 2006). Glucocorticoid hormones have increasingly been used as 
physiological biomarkers of individual and population condition (Busch and Hayward, 2009; 
Hansen et al., 2016; Tarlow and Blumstein, 2007). Cortisol and corticosterone (hereafter, CORT) 
are steroid hormones secreted from the hypothalamic-pituitary-adrenal/interrenal axis (HPA/I) in 
vertebrates and regulate energetic balance, homeostasis, and growth at baseline levels (McEwen 
and Wingfield, 2003). In response to acute disturbances, CORT levels often increase and redirect 
energy, alter behaviors, and mediate life-history tradeoffs to increase fitness (Breuner et al., 
2008; Crespi et al., 2013; Sapolsky et al., 2000). Animals exposed to chronic disturbances 
typically exhibit elevated baseline CORT levels, but dampened CORT responses to novel 
stressors (Rich and Romero, 2005; Romero, 2004). Therefore, using CORT as a biomarker of 
physiological stress is a promising conservation tool (Cooke et al., 2013; Madliger et al., 2016). 
Waterborne CORT is a novel, noninvasive collection method for aquatic vertebrates that 
provides an integrated measure reflecting CORT levels over a 1–2 h collection period (Narayan 
et al., 2019; Scott and Ellis, 2007). Integrated measures are thought to be more-reliable indicators 
of stress than instantaneous measures (e.g., from plasma; Dickens and Romero, 2013). Hormones 
are passively diffused through permeable surfaces of an aquatic vertebrate (e.g., gills and skin) 
into water in a collection vessel containing the animal (Gabor et al., 2013a; Scott and Ellis, 
2007). For waterborne CORT to be a reliable biomarker it should reflect endogenous CORT 
levels, change consistently (increase or decrease) with deteriorating environmental conditions, 
and be robust to environmental variation (Sheriff et al., 2011). One source of environmental 
variation that can affect inferences from waterborne CORT is environmental CORT from 
organisms or anthropogenic sources (hereafter, ambient CORT; Gabor et al., 2018). Site waters 
may need to be used to collect waterborne CORT in environments with unique water quality 
(e.g., conductivity or pH) to avoid eliciting a stress-response by exposing them to new 
conditions. In this situation, researchers need to measure and account for ambient CORT. To our 
knowledge, the pervasiveness, variability, and effects of ambient CORT are not well understood 
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(but see Gabor et al., 2018). Nevertheless, waterborne CORT has been used to evaluate 
physiological effects of contaminants, disease, and invasive predators on aquatic vertebrates such 
as amphibians (Gabor et al., 2018; Gabor et al., 2015; Narayan et al., 2019). 
Waterborne CORT could also serve as a biomarker for freshwater vertebrates 
experiencing increased salinity from anthropogenic sources (Shidemantle et al. in press). Salinity 
is a persistent contaminant of freshwater ecosystems that has increased globally (Dugan et al., 
2017; Kaushal et al., 2005). Hereafter, when using ‘salinity’ we refer explicitly to increased 
chloride (Cl-) from sodium chloride salts (NaCl), although we recognize that other salts (e.g., 
MgCl2) can also negatively influence freshwater ecosystems (Harless et al., 2011; Hopkins et al., 
2013). There are many causes of increased salinity that include: the application of road salts, 
increased irrigation for agriculture, and saline wastewaters from energy extraction (hereafter, 
wastewaters; reviewed in Herbert et al., 2015). Increased salinity can negatively affect survival, 
growth, and the physiology of freshwater vertebrates such as fishes and amphibians (reviewed in 
Hintz and Relyea, 2019; Tornabene et al., 2020). Despite negative effects of salinity, evaluations 
of CORT as a biomarker for free-living, freshwater organisms exposed to salinity are limited 
(but see Hall et al., 2017; Hall et al., 2020; Shidemantle et al. in press).  
Amphibians are one of the most susceptible vertebrates to increased salinity because of 
their porous skin, dependence upon freshwater in the larval phase, and poor osmoregulatory 
capacity (Hintz and Relyea, 2019; Shoemaker and Nagy, 1977). Increased salinity from two 
different sources (wastewaters and road salts) have similar lethal and sublethal effects on larval 
amphibians in laboratory and field studies (Albecker and McCoy, 2017; Hintz and Relyea, 2019; 
Hossack et al., 2018; Tornabene et al., 2020). Corticosterone (hereafter, CORT, the predominant 
glucocorticoid in amphibians; Macchi and Phillips, 1966) can increase with exposure to salinity 
(Hall et al., 2017; Hall et al., 2020; Hopkins et al., 2016) and is thought to be involved in iono- 
and osmoregulation of aquatic vertebrates (McCormick, 2001; McCormick and Bradshaw, 2006; 
Warburg, 1995). Therefore, CORT could be a useful biomarker of physiological stress and 
increased risk of negative health outcomes for amphibians exposed to increased salinity.  
Our objective was to evaluate whether CORT could be used as a biomarker of salt stress 
for larval amphibians. We tested effects of increased salinity from wastewaters on baseline and 
stress-induced waterborne CORT of three widespread larval amphibian species that vary in their 
sensitivity to salinity (Tornabene et al., 2020). All three species occur across a wide gradient of 
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salinity (~0–6,000 mg/l Cl- dependent on species; Hossack et al., 2018; Tornabene et al., 2020). 
We also documented the occurrence and variability of ambient CORT in wetlands and assessed 
effects on waterborne CORT of larvae. If salinity from wastewaters affects waterborne CORT, 
then waterborne CORT may be an effective biomarker to assess physiological stress of larval 
amphibians exposed to salinity. Given similarities between effects of NaCl and wastewaters on 
amphibians (Tornabene et al., 2020), CORT could also be an effective biomarker for other 




Procedures for animal collection were approved by the University of Montana 
Institutional Animal Care and Use Committee (Permit #024-18BHWB-050818). We collected 
larvae under U.S. Fish and Wildlife special use permits #62560-16-022 and #61530-18-003; 
Montana Fish, Wildlife & Parks scientific collection permits #2017-104-W and #2018-083-W; 
and North Dakota Game and Fish collection licenses #GNF04334863 and #GNF04882458. 
 
Study system 
We sampled waterborne CORT of larval amphibians in the Williston Basin in Montana 
and North Dakota, USA (Figure 1). The Williston Basin is one of the largest energy reserves in 
North America and overlaps with the Prairie Pothole Region. Legacy wastewater storage 
practices and recent spills have increased salinity in surface waters such as wetlands (Gleason 
and Tangen, 2014; Maloney et al., 2017). From 2017 to 2019, we sampled from 15 fishless 
wetlands that spanned a gradient of salinity of 1–11,754 mg/l Cl- (Table 1). We based site 
selection on previous research (Hossack et al., 2017; Smalling et al., 2019), occurrence of 
amphibians, and our goal to sample across a gradient of contamination. All sampled wetlands 
were on U.S. Fish and Wildlife Service lands except for two wetlands on private property (sites 
‘BGWLB’ and ‘BGWLC’). We measured Cl- concentrations at wetlands with Hach QuanTab Cl- 
titration strips (accuracy ± 10%; Hach Co., Loveland, CO, USA). For wetlands with Cl- below 
detection limits of titration strips (< 32 mg/l Cl-), we collected 1-l water samples and Cl- was 
measured at a U.S. Geological Survey laboratory (Fishman and Fishman, 1989).  
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 Three species of amphibians commonly occur in our study system: barred tiger 
salamanders (Ambystoma mavortium; hereafter, tiger salamanders), northern leopard frogs (Rana 
pipiens; leopard frogs), and boreal chorus frogs (Pseudacris maculata; chorus frogs; Hossack et 
al., 2018). However, the abundance and occurrence of amphibians in wastewater-contaminated 
wetlands varies with degree of contamination (Hossack et al., 2018). Similarly, sensitivity of 
amphibians to wastewaters varies among species with chorus frogs generally being the most 
sensitive followed by leopard frogs and then tiger salamanders (Hossack et al., 2018; Tornabene 
et al., 2020).  
 
Validation and collection of waterborne corticosterone 
Waterborne CORT has been physiologically and biologically validated for many fish and 
amphibian species (Narayan, 2013; Narayan et al., 2019; Scott and Ellis, 2007). For 
physiological validation, studies often compare waterborne to plasma or whole-body CORT to 
ensure concentrations in water correlate with endogenous concentrations of CORT (Gabor et al., 
2013a; Millikin et al., 2019; Scott and Ellis, 2007). However, when animals are too small to 
obtain plasma, extracting CORT from other tissues is necessary (Hall et al., 2020; Millikin et al., 
2019). CORT is synthesized in the interrenal gland in amphibians (Rollins-Smith, 1998) and 
recovery of CORT is generally greater from interrenal glands than whole body (E. Crespi, pers. 
obs.). Therefore, comparing waterborne and interrenal CORT should be appropriate for 
physiological validation.  
We collected paired baseline waterborne CORT and interrenal gland samples in 2017 to 
physiologically validate waterborne CORT for our study species. We tested effects of salinity on 
CORT of amphibians by collecting waterborne CORT samples in 2017 and 2018. In 2018, we 
did not sacrifice larvae to extract interrenal glands. Instead, we collected baseline and stress-
induced CORT samples to assess the ability of amphibians to respond to an acute stressor (see 
below). We sampled 13 total sites in 2017 and 2018. However, only three of the same sites were 
sampled in both years because amphibian occupancy differed and some wetlands were dry 
between years (Table 1). We used dipnets to collect an average of 7 larvae (range 1–11) for each 
species that occurred in each wetland in each year (Table 1). 
To collect waterborne CORT samples (baseline and stress-induced), we generally 
followed the methods of Gabor et al. (2013a). We used 950-ml polypropylene containers and 
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~400 ml sieves made from HDPE bottles. We filled containers with 200 ml of site water from 
respective wetlands and placed the larva within the container, inside the sieve, immediately after 
capture (< 3 min). Site waters were used to minimize stress responses to different water 
chemistries (i.e., moving larvae to water with different salinity). Larvae sat in containers 
undisturbed for 1 h before collecting 100 ml of the water for analysis. After collecting baseline 
samples in 2017, we measured SVL and mass and then euthanized larvae with buffered MS222 
(tricaine methanesulfonate; 1 g/l). Larvae were placed in polyethylene bags. Larvae and waters 
samples were held at -20 °C until processing.  
In 2018, we used the same methods to collect baseline samples, and subsequently placed 
larvae in 200 ml of fresh site water in clean containers to collect stress-induced waterborne 
CORT samples. We physically agitated larvae to induce an acute stress response. We gently 
shook containers and larvae for the first 5 min to elicit an acute stress response (Glennemeier and 
Denver, 2002; Narayan and Hero, 2013). Larvae remained in containers for another 55 min 
before collecting 100 ml of the water for analysis (1 hr total). Following this, we measured mass 
and SVL and released larvae at their point of capture. All water samples were stored at -20 °C 
until processing.  
 
Ambient corticosterone  
To correct for ambient CORT in wetlands, we collected 100 ml of water during each visit 
to wetlands in 2017 and 2018 (Gabor et al., 2018). In 2019, to assess spatial variation in ambient 
CORT, we collected 100 ml of site water from five locations in each of six wetlands across a 
gradient of salinity (Table 1). Water samples were collected just below the water surface at 
evenly spaced locations along the perimeter. All water samples were stored at -20 °C until 
processing.  
To evaluate their influence on ambient CORT, we measured several biotic and abiotic 
variables of wetlands. We measured Cl- as described above and specific conductance with meters 
(Hanna Instruments HI98130). Wetland area (based on length and width measurements) and 
percent shallows (≤ 0.50 m depth) were estimated at each site. Using a regression of Cl- and 
amphibian abundance from the same study area (from 2015 to 2017), we estimated amphibian 
abundance of our wetlands (Hossack et al., 2018). We also evaluated whether ambient CORT 
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was associated with mean waterborne CORT (baseline or stress-induced) pooled across the three 
species we studied.  
 
CORT extraction and quantification 
Interrenal Tissue Extraction  
We followed methods of Hall et al. (2020) to extract CORT from interrenal tissue. 
Briefly, we thawed frozen larva and dissected the interrenal gland. We weighed interrenal tissue, 
placed it in a borosilicate vial with 0.5 ml of ice-cold phosphate-buffered saline and 
homogenized with a dispersing instrument (Ultra-Turrax T10; VWR, Radnor, Pennsylvania, 
USA). We used ether lipid extractions to purify CORT. We used trial samples to optimize 
resuspension volumes prior to resuspending samples for this study. Samples were resuspended in 
95% EIA buffer/5% ethanol and volumes were based on mass of interrenal glands: 200 µl for < 
25 mg, 300 µl for 25–50 mg, 600 µl for 50–75 mg, 900 µl for 75–100 mg, and 1,200 µl for > 100 
mg.  
 
Waterborne corticosterone extraction 
We followed methods of Tornabene et al. (Chapter 3) and used solid-phase extraction to 
concentrate CORT from water samples (adapted from Earley and Hsu, 2008; Gabor et al., 
2013a). We optimized reconstitution volumes with trial samples, prior to processing field 
samples, because larval body sizes were larger in the present study. Samples were resuspended in 
95% EIA buffer/5% ethanol and volumes were based on mass of larvae: 4 ml for < 4 g, 8 ml for 
4–10 g, and 10 ml for > 10 g. We used similar methods to quantify ambient CORT from water 
samples. Following optimization of trial samples, we reconstituted ambient CORT samples with 
1 ml of 95% EIA buffer/5% ethanol. Any samples outside the assay standard curve (if ≤ 20% 
bound) were diluted (typically 1:2–1:4) and rerun.  
 
Corticosterone quantification 
We used enzyme immunoassays (EIAs) to quantify the amount of CORT in interrenal 
and waterborne samples (Cayman Chemicals Inc., Ann Arbor, Michigan, USA). We followed 
manufacturer procedures, including reading each plate at 414 nm (5–7 nm bandwidth; Multiskan 
Ascent, Thermo Fisher Scientific; Waltham, Massachusetts, USA), and ran samples in duplicate. 
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To analytically validate our assays, we assessed parallelism of a serial dilution to the standard 
curve and determined quantitative recovery. We also assessed intra- and inter-assay variation 
(see supplementary materials I: Analytical validation of EIAs and Supplementary Table 1). 
We subtracted ambient CORT from larval waterborne CORT values before dividing by 
holding time (typically 1 h) to yield waterborne CORT release rates in pg/h. Studies often 
account for size by dividing waterborne CORT release rates by mass or snout-vent length (e.g., 
pg/SVL/h), but this can elicit artificial differences among groups. Dividing by size can inflate or 
deflate CORT per unit mass because of the allometric relationship between gill and integument 
surface area and mass (Archard et al., 2012; Scott and Ellis, 2007; Scott et al., 2008). Therefore, 
we included ln-transformed mass as a covariate in models to account for the influence of mass on 
ln-transformed waterborne CORT (Archard et al., 2012; Chapter 3). For interrenal gland 
samples, we multiplied CORT concentrations from EIAs (pg/ml) by resuspension volumes and 
divided by mass of the interrenal gland to obtain pg/mg CORT.  
Ambient CORT was greater than baseline or stress-induced CORT for 17% of samples, 
which resulted in negative CORT values (herein, negative release rates) similar to in a previous 
study (Gabor et al., 2018). We observed negative release rates at most sites (80%), but the 
majority occurred at three sites (sites ‘BGWLB’, ‘BGWLC’, and ‘AND10’). The most negative 
release rates were from salamanders (21% of observations for baseline and 31% for stress-
induced) followed by chorus frogs (20 and 18%, respectively) and leopard frogs (10% and 0%, 
respectively). We added a constant to all CORT values to make release rates positive prior to ln-
transformation (see below under Statistical analyses). Trends in our study were qualitatively 
similar whether negative release rates (after adding a constant to all values) were included or not 
(see supplementary materials II: Tables for Models Omitting Negative Release Rate 
Observations). We chose to retain these observations, contrary to a previous study that excluded 




To understand factors influencing variation in ambient CORT among sites, we separately 
tested the influence of nine abiotic and biotic variables on ambient CORT in wetlands from 2017 
to 2019 (Supplementary Table 2). Variables included mean baseline and stress-induced CORT of 
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larvae, salinity, estimated amphibian density, area, percent shallows, site identity, specific 
conductivity, and year. We used univariate generalized linear mixed models (GLMMs) in the 
package ‘nlme’ to test the influence of abiotic or biotic variables on ambient CORT (Pinheiro et 
al., 2017). We included site as a random effect to account for several measurements of CORT 
from the same site within and among years. Although we measured spatial variation in ambient 
CORT within wetlands in 2019, we only included mean values from each site for the among site 
analysis. To understand factors influencing variation within sites in 2019, we used univariate 
linear models to test the effects of six abiotic and biotic variables on coefficient of variance of 
ambient CORT in wetlands (Supplementary Table 2). Variables included salinity, area, percent 
shallows, max depth, perimeter, and specific conductivity.  
To test whether the probability of a larva having a measured negative release rate was 
related to ambient CORT in wetlands, we used binomial GLMMs with a logit link (package 
'lme4'; Bates et al., 2014). We used a Bayesian generalized linear model (package ‘arm’) for 
chorus frogs because of separation in the data and issues with model convergence when using 
GLMMs (Gelman et al., 2008; Gelman et al., 2020). We tested each species and measure of 
CORT separately (baseline or stress-induced), which resulted in six total comparisons. We 
included a random effect of larva nested within site to account for several samples being taken 
from each site.  
 
Waterborne and interrenal corticosterone 
Using simple linear regression, we physiologically validated our method and tested the 
relationship between baseline waterborne and interrenal CORT for each species. We included ln-
transformed mass as a covariate to account for the influence of mass on waterborne CORT. We 
ln-transformed interrenal and waterborne CORT. 
To determine variation in baseline and stress-induced CORT, we calculated coefficients 
of variance within and among wetlands per species. We used a paired t-test to compare baseline 
with stress-induced samples from 2018 and ensure there were changes in CORT following an 
acute challenge (gentle shaking). We used analysis of variance to test for differences in baseline 
and stress-induced CORT among species. 
 To test the influence of salinity on waterborne CORT we used maximum-likelihood 
methods to fit GLMMs (package ‘nlme’) and used multimodel inference (package ‘MuMIn’; 
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Bartón, 2010; Pinheiro et al., 2017) separately for each species and measure of CORT (baseline 
or stress-induced). Baseline CORT included observations from 2017 and 2018. Stress-induced 
CORT included only observations from 2018, when collections began. We included a random 
effect of larvae nested within sites to account for multiple samples being taken from each 
wetland. Within our models, we weighted baseline and stress-induced CORT rates by the inverse 
of their coefficient of variance (between duplicate EIA samples) calculated during quantification. 
Therefore, observations with high variance among samples in EIAs would be less heavily 
weighted in the model and vice versa (Chapter 3).  
 For multimodel inference, we first created global models for each species ´ CORT 
comparison (6 global models) that included salinity, ambient CORT, mass, and a mass ´ salinity 
interaction as predictors. We included ln-transformed mass and a mass ´ salinity interaction 
because of interactive effects of salinity and mass on waterborne CORT of larval leopard frogs in 
a previous study (Chapter 3). To improve numerical stability and reduce multicollinearity, we 
centered and scaled all predictor variables by subtracting the mean and dividing by the standard 
deviation.  
We separately created sets of all possible sub-models and determined the top models for 
each species ´ CORT combination. Importantly, all model combinations were ecologically 
relevant. We used Akaike’s Information Criterion for small sample sizes to compare models 
(AICc; Burnham and Anderson, 2004; Mazerolle, 2016). For model averaging, we included all 
models with AIC weight (AICW) > 0.001 and weighted parameter estimates according to AICW. 
We assessed multicollinearity in top models for each species ´ CORT combination by 
calculating variance inflation factors (VIFs) and did not detect strong multicollinearity in any top 
models (VIF < 3.09; Fox et al., 2012). All aforementioned analyses were conducted in program 




Ambient CORT was detected in all wetlands; however, it varied widely among wetlands 
and years and within wetlands in 2019 (Figure 2A,B). None of the abiotic or biotic variables we 
measured were associated with mean or variance in ambient CORT (among and within wetlands, 
respectively; Table S1.2). Mean ambient CORT in wetlands among years was 6.69 pg/ml 
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(standard deviation [SD] = 2.03 pg/ml). Among wetlands and years, coefficient of variance for 
ambient CORT was 30.29%. For wetlands sampled from six locations in 2019, within-wetland 
coefficient of variance was 20.96% (SD = 14.38%) and ranged from 8.67–46.32%.  
Increasing ambient CORT increased the probability of a measured negative release rate, 
but associations varied among species and between baseline and stress-induced CORT (Figure 3 
and statistics in Table S1.3). Probability of a negative release rate increased with ambient CORT 
for baseline and stress-induced CORT of chorus frogs and marginally for stress-induced CORT 
of tiger salamanders (Figure 3A–C). However, ambient CORT was not associated with 
probability of a negative release rate for baseline CORT of tiger salamanders or leopard frogs 
(Table S1.3). No negative release rates occurred for stress-induced CORT of leopard frogs.  
 
Waterborne and interrenal corticosterone 
The only association between interrenal and baseline waterborne CORT was a negative 
relationship for chorus frogs (Figure 4A–C and Table 2). Mean stress-induced CORT was higher 
than mean baseline CORT for leopard (t36 = -2.54, p = 0.015) and chorus frogs (t26 = -4.39, p < 
0.001), but not for tiger salamanders (t41 = -0.88, p = 0.380). Within and among sites, 
coefficients of variance for baseline and stress-induced waterborne CORT were generally low (< 
9.62%; Table 3). Leopard frogs had the highest coefficients of variance within and among sites 
followed by chorus frogs and tiger salamanders (Table 3). Leopard frogs had the highest baseline 
(F2,169 = 57.71, p < 0.001) and stress-induced waterborne CORT (F2,103 = 37.07, p < 0.001) 
followed by tiger salamanders and then chorus frogs. 
Salinity was positively associated with stress-induced waterborne CORT of leopard 
frogs, but not any other waterborne CORT measure across the three species (Figure 5A–F and 
Supplementary Tables 4–8). Although included in some top models, ambient CORT and the 
mass ´ salinity interaction were not associated with baseline or stress-induced waterborne CORT 
of any species (Tables S1.4–S1.8). Mass was included in all top models (Tables S1.4–S1.6) and 
was strongly, positively correlated with baseline and stress-induced waterborne CORT for all 






We evaluated whether waterborne CORT could be used as a biomarker of physiological 
stress for larval amphibians exposed to increased salinity. Our model study system included three 
species with variable sensitivity occurring across a wide gradient of salinity. A useful biomarker 
would show a reliable signal with increasing salinity, would represent endogenous CORT of 
animals, and be robust to environmental variation. Salinity was only correlated with one CORT 
measure from one species. Interrenal and waterborne CORT were only correlated for one of 
three species. Ambient CORT was prevalent, highly variable, and potentially obscured our 
ability to detect trends. Ambient CORT may have also influenced CORT physiology of larvae. 
Using current methods, waterborne CORT may not be a reliable bioindicator of physiological 
stress for amphibians exposed to salinity. We provide suggestions to improve methodology, 
evaluate confounding effects, minimize variation, and improve the reliability of CORT as a 
biomarker for amphibians exposed to salinity.  
We provide only weak evidence that we could detect changes in waterborne CORT for 
free-living amphibians exposed to salinity. Of the three species in our study, only stress-induced 
waterborne CORT of leopard frogs increased with salinity. Associations were not related to 
species-specific sensitivities of amphibians to salinity; leopard frogs are moderately sensitive 
compared to chorus frogs (highest sensitivity) and tiger salamanders (lowest sensitivity; 
Tornabene et al., 2020). There are several reasons we may not have detected an effect of salinity 
on waterborne CORT compared to previous studies (Hall et al., 2020; Hopkins et al., 2016). 
First, as is common in CORT physiology, relationships between CORT and salinity may be 
affected by environmental conditions, species identity, and life-history stage (Breuner et al., 
2008; Crespi et al., 2013). Some studies have found that salinity increases CORT of amphibians, 
but other studies have found decreased CORT or no relationship (Burraco and Gomez-Mestre, 
2016; Hall et al., 2017; Hopkins et al., 2016; Chapter 3). Inconsistencies among studies could 
result from salinity dysregulating the HPI axis of amphibians as they grow and develop. Salinity 
can reduce normal increases in CORT with increasing growth and development dependent on 
concentration (Denver et al., 2002; Chapter 3). Second, adaptive tolerance to salinity can also 
influence CORT responses of amphibians (Hopkins et al., 2016; Shidemantle et al. in press). 
Over the past 50 years, some populations in our study area have likely been exposed to salinity 
from wastewaters (Gleason and Tangen, 2014) and adaptive tolerance to salinity can occur 
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within 40–70 years (Brady, 2012). Therefore, tolerance and physiological adaptation could have 
influenced our findings. Third, ambient CORT led to negative release rates for chorus frogs and 
tiger salamanders, which had the lowest waterborne CORT release rates. We only detected an 
association between salinity and waterborne CORT for leopard frogs. This association may have 
been detectable because the species had the highest waterborne CORT, which may have limited 
confounding effects of ambient CORT. 
Ambient CORT could have confounded associations between waterborne CORT and 
salinity. High ambient CORT leading to negative release rates also occurred in a previous study 
of amphibians exposed to effluents (Gabor et al., 2018). Negative release rates could result from 
a suppression of endogenous CORT production due to high ambient CORT. For example, 
equilibrium effects could occur wherein larvae passively take up ambient CORT and down-
regulate CORT synthesis, circulation, and diffusion. Several species of fish can take up 
hormones from water through the gills, and amphibians have more surface area relative to fish 
(i.e., gills and porous skin) for diffusion of hormones (Miguel-Queralt and Hammond, 2008; 
reviewed in Scott and Ellis, 2007). Treatment with synthetic CORT similarly inhibits 
endogenous CORT production and suppresses HPA/I activity (Andrews et al., 2012; Paragliola 
et al., 2017). Equilibrium effects, physiological effects of ambient CORT, and variation in 
ambient CORT within and among wetlands may have influenced our ability to detect 
associations between salinity and CORT if they existed.  
We were unable to identify the source of ambient CORT in our system because none of 
the environmental variables we measured were related to ambient CORT. Likewise, and opposed 
to a previous study (Gabor et al., 2018), we did not find an association between mean baseline 
CORT of amphibians and ambient CORT. One wetland (site ‘124F’) has such high salinity from 
historic wastewater contamination (~12,000 mg/l Cl in 1989 and 2019; Gleason and Tangen, 
2014) that it likely has not had amphibians or fish occur in it for decades—yet, it still had high 
ambient CORT relative to other wetlands. Ambient CORT could have originated from other 
wildlife such as birds or ungulates as previously suggested (Gabor et al., 2018). Indeed, our 
study sites in the Prairie Pothole Region have abundant waterfowl and shorebirds that frequent 
contaminated and uncontaminated wetlands. Future studies could use gas chromatography–mass 
spectrometry (GC-MS) to determine if ambient CORT was cortisol, corticosterone, or another 
interfering (cross-reactive) compound. Although we did not have the resources to do GC-MS, 
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strong parallelism in our analytical validation suggests it was not a matrix effect (i.e., 
contamination altering chemistry of EIAs). The occurrence, sources, and variability in ambient 
CORT should be evaluated in subsequent studies given the effects and prevalence of ambient 
CORT in our study.  
Our findings suggest that ambient CORT may accumulate, be more persistent in the 
environment than previously thought, and influence CORT physiology of free-living amphibians. 
Other steroid hormones such as estrogen and testosterone also occur in surface waters and can be 
persistent (Boulanger, 2012; Deksissa, 2008). While human activities (e.g., effluents) release 
hormones into surface waters, natural secretions from aquatic vertebrates seemingly also 
contribute (Gabor et al., 2018). Testosterone and estrogen in surface waters is well-reported 
because of their negative effects on reproduction, and feminization, of amphibians and fishes 
(e.g., Säfholm et al., 2014; Sumpter and Johnson, 2005). However, to our knowledge, CORT is 
not often reported (but see Gabor et al., 2018). Ambient CORT confounded our ability to detect 
trends and increased negative release rates in our study. In our system, amphibians and other 
aquatic vertebrates are passively exposed to ambient CORT in the environment. Exposure to 
ambient CORT might lead to downregulation of CORT synthesis, dysregulation of the HPI axis, 
and have negative effects on fitness.  
Interrenal and waterborne CORT were only correlated with each other for chorus frogs. 
Two factors may explain the lack of association in the other two species. First, waterborne and 
interrenal CORT may be innately different and will not be correlated. Waterborne CORT is an 
integrated measure (1–2 h of collection). Interrenal CORT may be an instantaneous measure 
because CORT is a steroid hormone, which is released immediately following synthesis. The two 
measures of CORT may therefore also have different biological meanings, require different 
interpretations, and may not be appropriate to validate against one another (Millikin et al., 2019). 
Despite weak or no correlation between interrenal and waterborne CORT in this study, previous 
studies have illustrated that waterborne CORT is biologically meaningful for many species 
(reviewed in Narayan et al., 2019), including the species we studied (Chapter 3). Similarly, 
salinity increases interrenal CORT of amphibians (wood frogs, Rana sylvatica; Hall et al., 2020). 
Second, equilibrium effects occurring from high ambient CORT could have confounded 
relationships between interrenal and waterborne CORT. Taking up ambient CORT could 
decrease production in the interrenal gland, circulation in blood, and secretion of CORT into 
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water; however, the timing of changes among these processes is unclear. Higher waterborne 
CORT was associated with lower interrenal CORT for chorus frogs in our study, which could be 
an artifact of the effect of ambient CORT.  
There are several modifications to methods that could reduce variation and confounding 
effects of ambient CORT. A charcoal filter could be used to strip hormones from site waters for 
CORT collection. Although this might decrease negative release rates in calculations, it would 
not eliminate effects of ambient CORT on amphibian CORT physiology that occurred 
beforehand. Mixing waters collected from around each wetland, to use for CORT collection of 
all larvae in that wetland, could also reduce variability in ambient CORT. We were unable to use 
spring water, which is common in waterborne CORT studies (e.g., Gabor et al., 2013a; Gabor et 
al., 2013b; Gabor et al., 2015). Using spring water could have exposed larvae in our study to 
novel water-quality conditions and elevated CORT levels. Using spring water and matching 
relevant water quality conditions (e.g., salinity and pH) could be a useful alternative, but would 
be time consuming and could add other sources of variance. Other physiological biomarkers 
could be paired with waterborne CORT, serve as downstream metrics of chronic stress, and may 
assist gauging the influence of salinity on amphibians. Other markers include changes in water 
retention and body index (e.g., Hall et al., 2017), glucose, hematocrit, immune response, or 
telomere length (Breuner et al., 2013).  
 
Conclusions 
Salinity is a pervasive anthropogenic disturbance that has negative effects on aquatic 
species. It is therefore imperative to identify biomarkers, ensure their reliability, and evaluate the 
health of aquatic vertebrates exposed to salinity. Ambient CORT was prevalent and seemingly 
confounded associations in our analysis and influenced CORT physiology of larvae. Further 
investigations are warranted to document the occurrence and sources of ambient CORT in 
waterbodies, as well as to understand the effects of ambient CORT on aquatic vertebrates. Future 
studies could improve the reliability of waterborne CORT by making modifications to 
methodology, evaluating confounding effects, and minimizing sources of environmental 
variation as we have described. Despite these challenges, waterborne CORT is a promising 
conservation tool that may still be useful to evaluate effects of salinity, and other disturbances, 
on larval amphibians. 
 92 
REFERENCES 
Albecker, M. A. and McCoy, M. W. 2017. Adaptive responses to salinity stress across multiple 
life stages in anuran amphibians. Front. Zool. 14, 40. 
Andrews, M. H., Wood, S. A., Windle, R. J., Lightman, S. L. and Ingram, C. D. 2012. Acute 
glucocorticoid administration rapidly suppresses basal and stress-induced hypothalamo-
pituitary-adrenal axis activity. Endocrinology 153, 200-211. 
Archard, G. A., Earley, R. L., Hanninen, A. F. and Braithwaite, V. A. 2012. Correlated 
behaviour and stress physiology in fish exposed to different levels of predation pressure. 
Funct. Ecol. 26, 637-645. 
Bartón, K. 2010. MuMIn: multi-model inference, 2010. R package version 1. 
Bates, D., Mächler, M., Bolker, B. and Walker, S. 2014. Fitting linear mixed-effects models 
using lme4. J. Stat. Softw. 67, 1–48. 
Boulanger, B. O. 2012. Steroids and hormones in the environment. J. Steroids Horm. Sci. 3, 
doi:10.4172/2157-7536.1000e105. 
Brady, S. P. 2012. Road to evolution? Local adaptation to road adjacency in an amphibian 
(Ambystoma maculatum). Sci. Rep. 2, 235. 
Breuner, C. W., Delehanty, B. and Boonstra, R. 2013. Evaluating stress in natural populations of 
vertebrates: total CORT is not good enough. Funct. Ecol. 27, 24-36. 
Breuner, C. W., Patterson, S. H. and Hahn, T. P. 2008. In search of relationships between the 
acute adrenocortical response and fitness. Gen. Comp. Endocrinol. 157, 288-295. 
Burnham, K. P. and Anderson, D. R. 2004. Multimodel inference - understanding AIC and BIC 
in model selection. Sociol. Methods Res. 33, 261–304. 
Burraco, P. and Gomez-Mestre, I. 2016. Physiological stress responses in amphibian larvae to 
multiple stressors reveal marked anthropogenic effects even below lethal levels. Physiol. 
Biochem. Zool. 89, 462-472. 
Busch, D. S. and Hayward, L. S. 2009. Stress in a conservation context: a discussion of 
glucocorticoid actions and how levels change with conservation-relevant variables. Biol. 
Conserv. 142, 2844-2853. 
Cooke, S. J., Sack, L., Franklin, C. E., Farrell, A. P., Beardall, J., Wikelski, M. and Chown, S. L. 
2013. What is conservation physiology? Perspectives on an increasingly integrated and 
essential science. Conserv. Physiol. 1, cot001. 
 93 
Crespi, E. J., Williams, T. D., Jessop, T. S. and Delehanty, B. 2013. Life history and the ecology 
of stress: how do glucocorticoid hormones influence life-history variation in animals? Funct. 
Ecol. 27, 93-106. 
Deksissa, T. 2008. Fate and transport of steroid hormones in the environment. Proc.Water 
Environ. Fed. 12: 134–145 
Denver, R. J., Glennemeier, K. A. and Boorse, G. C. 2002. Endocrinology of complex life 
cycles: amphibians. In: Hormones, Brain and Behavior, pp. 469–513: Elsevier. 
Dickens, M. J. and Romero, L. M. 2013. A consensus endocrine profile for chronically stressed 
wild animals does not exist. Gen. Comp. Endocrinol. 191, 177-189. 
Dugan, H. A., Bartlett, S. L., Burke, S. M., Doubek, J. P., Krivak-Tetley, F. E., Skaff, N. K., 
Summers, J. C., Farrell, K. J., McCullough, I. M. and Morales-Williams, A. M. 2017. Salting 
our freshwater lakes. Proc. Natl. Acad. Sci. U.S.A. 114, 4453-4458. 
Earley, R. L. and Hsu, Y. 2008. Reciprocity between endocrine state and contest behavior in the 
killifish, Kryptolebias marmoratus. Horm. Behav. 53, 442-451. 
Fishman, M. J. and Fishman, L. C. 1989. Method for determination of inorganic substances in 
water and fluvial sediments. In In: U.S. Geological Survey Techniques of Water-Resources 
Investigations, Report No. 05-A1, pp. 545. 
Fox, J., Weisberg, S., Adler, D., Bates, D., Baud-Bovy, G., Ellison, S., Firth, D., Friendly, M., 
Gorjanc, G. and Graves, S. 2012. Package ‘car’. Vienna: R Foundation for Statistical 
Computing. 
Gabor, C. R., Bosch, J., Fries, J. N. and Davis, D. R. 2013a. A non-invasive water-borne 
hormone assay for amphibians. Amphibia-Reptilia 34, 151-162. 
Gabor, C. R., Davis, D. R., Kim, D. S., Zabierek, K. C. and Bendik, N. F. 2018. Urbanization is 
associated with elevated corticosterone in Jollyville Plateau salamanders. Ecol. Indic. 85, 
229-235. 
Gabor, C. R., Fisher, M. C. and Bosch, J. 2013b. A non-invasive stress assay shows that tadpole 
populations infected with Batrachochytrium dendrobatidis have elevated corticosterone 
levels. PLoS One 8, e56054. 
Gabor, C. R., Fisher, M. C. and Bosch, J. 2015. Elevated corticosterone levels and changes in 
amphibian behavior are associated with Batrachochytrium dendrobatidis (Bd) infection and 
Bd lineage. PLoS One 10, e0122685. 
 94 
Gelman, A., Jakulin, A., Pittau, M. G. and Su, Y.-S. 2008. A weakly informative default prior 
distribution for logistic and other regression models. Ann. Appl. Stat. 2, 1360-1383. 
Gelman, A., Su, Y. S., Yajima, M., Hill, J., Pittau, M. G., Kerman, J., Zheng, T., Dorie, V. and 
Su, M. Y. 2020. arm: data analysis using regresssion and multilevel/hierarchical models. R 
package version 1.11-2. https://cran.r-project.org/web/packages/arm/index.html. 
Gleason, R. A. and Tangen, B. A. 2014. Brine Contamination to Aquatic Resources from Oil and 
Gas Development in the Williston Basin, United States. Scientific Investigations Report 
2014–5017. 
Glennemeier, K. A. and Denver, R. J. 2002. Developmental changes in interrenal responsiveness 
in anuran amphibians. Integr. Comp. Biol. 42, 565-573. 
Hall, E. M., Brady, S. P., Mattheus, N. M., Earley, R. L., Diamond, M. and Crespi, E. J. 2017. 
Physiological consequences of exposure to salinized roadside ponds on wood frog larvae and 
adults. Biol. Conserv. 209, 98-106. 
Hall, E. M., Brunner, J. L., Hutzenbiler, B. and Crespi, E. J. 2020. Salinity stress increases the 
severity of ranavirus epidemics in amphibian populations. Proc. R. Soc. Lond. B Biol. Sci. 
287, 20200062. 
Hansen, W. K., Bate, L. J., Landry, D. W., Chastel, O., Parenteau, C. and Breuner, C. W. 2016. 
Feather and faecal corticosterone concentrations predict future reproductive decisions in 
harlequin ducks (Histrionicus histrionicus). Conserv. Physiol. 4. 
Harless, M. L., Huckins, C. J., Grant, J. B. and Pypker, T. G. 2011. Effects of six chemical 
deicers on larval wood frogs (Rana sylvatica). Environ. Toxicol. Chem. 30, 1637-1641. 
Herbert, E. R., Boon, P., Burgin, A. J., Neubauer, S. C., Franklin, R. B., Ardón, M., 
Hopfensperger, K. N., Lamers, L. P. and Gell, P. 2015. A global perspective on wetland 
salinization: ecological consequences of a growing threat to freshwater wetlands. Ecosphere 
6, 1-43. 
Hintz, W. D. and Relyea, R. A. 2019. A review of the species, community, and ecosystem 
impacts of road salt salinisation in fresh waters. Freshw. Biol., 1-17. 
Hopkins, G. R., Brodie Jr, E. D., Neuman-Lee, L. A., Mohammadi, S., Brusch IV, G. A., 
Hopkins, Z. M. and French, S. S. 2016. Physiological responses to salinity vary with 
proximity to the ocean in a coastal amphibian. Physiol. Biochem. Zool. 89, 322-330. 
 95 
Hopkins, G. R., French, S. S. and Brodie, E. D. 2013. Potential for local adaptation in response 
to an anthropogenic agent of selection: effects of road deicing salts on amphibian embryonic 
survival and development. Evol. Appl. 6, 384-392. 
Hossack, B. R., Puglis, H. J., Battaglin, W. A., Anderson, C. W., Honeycutt, R. K. and Smalling, 
K. L. 2017. Widespread legacy brine contamination from oil production reduces survival of 
chorus frog larvae. Environ. Pollut. 231, 742-751. 
Hossack, B. R., Smalling, K. L., Anderson, C. W., Preston, T. M., Cozzarelli, I. M. and 
Honeycutt, R. K. 2018. Effects of persistent energy-related brine contamination on 
amphibian abundance in national wildlife refuge wetlands. Biol. Conserv. 228, 36-43. 
Kaushal, S. S., Groffman, P. M., Likens, G. E., Belt, K. T., Stack, W. P., Kelly, V. R., Band, L. 
E. and Fisher, G. T. 2005. Increased salinization of fresh water in the northeastern United 
States. Proc. Natl. Acad. Sci. U.S.A. 102, 13517-13520. 
Macchi, I. and Phillips, J. 1966. In vitro effect of adrenocorticotropin on corticoid secretion in 
the turtle, snake, and bullfrog. Gen. Comp. Endocrinol. 6, 170-182. 
Madliger, C. L., Cooke, S. J., Crespi, E. J., Funk, J. L., Hultine, K. R., Hunt, K. E., Rohr, J. R., 
Sinclair, B. J., Suski, C. D. and Willis, C. K. 2016. Success stories and emerging themes in 
conservation physiology. Conserv. Physiol. 4, cov057. 
Maloney, K. O., Baruch-Mordo, S., Patterson, L. A., Nicot, J.-P., Entrekin, S. A., Fargione, J. E., 
Kiesecker, J. M., Konschnik, K. E., Ryan, J. N. and Trainor, A. M. 2017. Unconventional oil 
and gas spills: Materials, volumes, and risks to surface waters in four states of the US. Sci. 
Total Environ. 581, 369-377. 
Mazerolle, M. J. 2016. Model Selection and Multimodel Inference Based on (Q)AIC(c). 
Documentation for R: A language and environment for statistical computing. Vienna, 
Austria: R Foundation for Statistical Computing. 
McCarthy, J. F. and Shugart, L. R. 1990. Biomarkers of environmental contamination. 
McCormick, S. D. 2001. Endocrine control of osmoregulation in teleost fish. Am. Zool. 41, 781-
794. 
McCormick, S. D. and Bradshaw, D. 2006. Hormonal control of salt and water balance in 
vertebrates. Gen. Comp. Endocrinol. 147, 3-8. 
McEwen, B. S. and Wingfield, J. C. 2003. The concept of allostasis in biology and biomedicine. 
Horm. Behav. 43, 2-15. 
 96 
Miguel-Queralt, S. and Hammond, G. L. 2008. Sex hormone-binding globulin in fish gills is a 
portal for sex steroids breached by xenobiotics. Endocrinology 149, 4269-4275. 
Millikin, A. R., Woodley, S. K., Davis, D. R., Moore, I. T. and Anderson, J. T. 2019. Water-
borne and plasma corticosterone are not correlated in spotted salamanders. Ecol. Evo. 9, 
13942-13953. 
Narayan, E. 2013. Non-invasive reproductive and stress endocrinology in amphibian 
conservation physiology. Conserv. Physiol. 1. 
Narayan, E. J., Forsburg, Z. R., Davis, D. R. and Gabor, C. R. 2019. Non-invasive Methods for 
Measuring and Monitoring Stress Physiology in Imperiled Amphibians. Front. Ecol. Evol. 7. 
Narayan, E. J. and Hero, J. M. 2013. Repeatability of baseline corticosterone and acute stress 
responses to capture, and patterns of reproductive hormones in vitellogenic and non-
vitellogenic female Fijian ground frog (Platymantis vitiana). J. Exp. Zool. A 319, 471-481. 
Paragliola, R. M., Papi, G., Pontecorvi, A. and Corsello, S. M. 2017. Treatment with synthetic 
glucocorticoids and the hypothalamus-pituitary-adrenal axis. Int. J. Mol. Sci. 18, 2201. 
Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., Heisterkamp, S., Van Willigen, B. and 
Maintainer, R. 2017. Package ‘nlme’. Linear and nonlinear mixed effects models, version 3. 
R Core Team. 2019. R: A language and environment for statistical computing. R Foundation for 
Statistical Computing, Vienna, Austria. . 
Rich, E. L. and Romero, L. M. 2005. Exposure to chronic stress downregulates corticosterone 
responses to acute stressors. Am. J. Physiol. Regul. Integr. Comp. Physiol. 288, R1628-
R1636. 
Rollins-Smith, L. A. 1998. Metamorphosis and the amphibian immune system. Immunol. Rev. 
166, 221-230. 
Romero, L. M. 2004. Physiological stress in ecology: lessons from biomedical research. Trends 
Ecol. Evol. 19, 249-255. 
Roy, S., Lindström-Seppä, P., Hänninen, O. and Richardson, M. 1996. Integrative approach to 
aquatic environment biomonitoring. In Environmental Xenobiotics, pp. 123-142: Taylor and 
Francis London. 
Säfholm, M., Ribbenstedt, A., Fick, J. and Berg, C. 2014. Risks of hormonally active 
pharmaceuticals to amphibians: a growing concern regarding progestagens. Philos. Trans. R. 
Soc. Lond., B, Biol. Sci. 369, 20130577. 
 97 
Sapolsky, R. M., Romero, L. M. and Munck, A. U. 2000. How do glucocorticoids influence 
stress responses? Integrating permissive, suppressive, stimulatory, and preparative actions. 
Endocr. Rev. 21, 55-89. 
Scott, A. P. and Ellis, T. 2007. Measurement of fish steroids in water—a review. Gen. Comp. 
Endocrinol. 153, 392-400. 
Scott, A. P., Hirschenhauser, K., Bender, N., Oliveira, R., Earley, R. L., Sebire, M., Ellis, T., 
Pavlidis, M., Hubbard, P. C. and Huertas, M. 2008. Non-invasive measurement of steroids in 
fish-holding water: important considerations when applying the procedure to behaviour 
studies. Behaviour, 1307-1328. 
Sheriff, M. J., Dantzer, B., Delehanty, B., Palme, R. and Boonstra, R. 2011. Measuring stress in 
wildlife: techniques for quantifying glucocorticoids. Oecologia 166, 869-887. 
Shidemantle, G., N. Buss, and J. Hua. 2021. Are glucocorticoids good indicators of wildlife 
condition across populations that exhibit cryptic variation in contaminant tolerance? Anim. 
Conserv. In Press.  
Shoemaker, V. and Nagy, K. A. 1977. Osmoregulation in amphibians and reptiles. Annu. Rev. 
Physiol. 39, 449-471. 
Smalling, K. L., Anderson, C. W., Honeycutt, R. K., Cozzarelli, I. M., Preston, T. and Hossack, 
B. R. 2019. Associations between environmental pollutants and larval amphibians in 
wetlands contaminated by energy-related brines are potentially mediated by feeding traits. 
Environ. Pollut. 248, 260-268. 
Sumpter, J. P. and Johnson, A. C. 2005. Lessons from endocrine disruption and their application 
to other issues concerning trace organics in the aquatic environment. Environ. Sci. Technol. 
39, 4321-4332. 
Tarlow, E. M. and Blumstein, D. T. 2007. Evaluating methods to quantify anthropogenic 
stressors on wild animals. Appl. Anim. Behav. Sci. 102, 429-451. 
Tornabene, B. J., Breuner, C. W. and Hossack, B. R. 2020. Relative Toxicity and Sublethal 
Effects of NaCl and Energy-Related Saline Wastewaters on Prairie Amphibians. Aquat. 
Toxicol. 228, 105626. 
Warburg, M. R. 1995. Hormonal effect on the osmotic, electrolyte and nitrogen balance in 
terrestrial Amphibia. Zool. Sci. 12, 1-11. 




Table 1. Locations and attributes of sites where we collected waterborne corticosterone samples. 
Sites are ordered from lowest to highest salinity (mg/l Cl-). For “State”, ND = North Dakota and 
MT = Montana, USA. For “Location”, WPA = US Fish and Wildlife Service Waterfowl 
Production Area and NWR = National Wildlife Refuge. “Larvae” indicates species that were 
collected at each site in each year (T = tiger salamander, L = leopard frog, C = chorus frog). 
“Rep.” indicates sites where replicate samples were taken on the same day in 2019 from several 
wetlands to assess variation in ambient corticosterone within wetlands. For site ‘BGWLB’, we 
did not send water samples for laboratory analysis of Cl- in 2019; 32 mg/l is the lower limit of 
chloride titration strips.  
 
      Larvae Rep. Salinity (mg/L Cl-) 
Site State Location 2017 2018 2019 2017 2018 2019 
LOS1 ND Lostwood NWR L,C   1.46  
SWA2 ND Swanson WPA L,C   5.06   
BGWLB MT Private T T y 6.81 18.94 < 32 
AND10 MT Anderson WPA C   9.72  
PAR1 MT Pary WPA L T,L y 30.00 101.00 41.00 
NOR7 ND Norman WPA T T,L  44.33 41.00  
NOR5 ND Norman WPA C   101.00  
BGWLC MT Private  T   445.00  
264M MT Rabenberg WPA  y   445.00 
264Z MT Rabenberg WPA T   552.00  
NOR10 ND Norman WPA L,C   727.00   
264K MT Rabenberg WPA T  y 1,001.50  813.00 
264J MT Rabenberg WPA T  y 2,494.50  2,225.00 
NOR9 ND Norman WPA T,L   4,103.00   




Table 2. Mean (standard deviation [SD]) within-site coefficient of variance (%) and among site 
coefficient of variance (%) for baseline and stress-induced corticosterone of tiger salamander, 
leopard frog, and chorus frog larvae. Among site coefficient of variance does not have a SD 
because it is a single value calculated from all baseline or stress-induced CORT measures.  
 
  Baseline Stress-induced 
  Within Among Within Among 
Tiger salamander 3.19 (1.51) 5.49 2.84 (0.89) 4.89 
Leopard frog 6.40 (3.20) 9.47 6.89 (3.38) 9.62 
Chorus frog 4.03 (1.24) 7.02 4.11 (0.78) 6.31 
 
 
Table 3. Summary statistics (β and standard error [SE] in natural-log scale) for linear models 
assessing the relationship between waterborne baseline corticosterone (‘CORT’; pg/h) and 
interrenal CORT (pg/mg) for tiger salamanders, leopard frogs, and chorus frogs. Mass is 
included as a fixed effect to account for differences in baseline CORT release rates based on 
size. Interrenal and baseline CORT and mass are natural-log-transformed. 
 
Species Variable β SE t p Adj. R2 
Tiger salamander Intercept 8.15 0.16 50.59 < 0.001 0.289 
 Interrenal CORT 0.07 0.04 1.73 0.100  
 Mass 0.20 0.08 2.53 0.020  
Leopard frog Intercept 7.62 0.26 29.55 < 0.001 0.268 
 Interrenal CORT 0.11 0.11 1.02 0.321  
 Mass 0.32 0.10 3.28 0.003  
Chorus frog Intercept 7.69 0.15 52.06 < 0.001 0.361 
 Interrenal CORT -0.23 0.10 -2.25 0.040  






Figure 1. Study area including sites within US Fish and Wildlife (USFWS) Waterfowl 
Production Areas and National Wildlife Refuges in Montana and North Dakota, USA, where we 
collected waterborne corticosterone samples. See Table 1 for site attributes.  
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Figure 2. (A) Ambient corticosterone (pg/ml) detected in wetlands from 2017–2019. Green 
asterisks indicate means (+/– 95% confidence intervals) for wetlands sampled in multiple years 
(e.g., BGWLB), or multiple times within years (e.g., NOR9), or both (e.g., NOR7). For 2019, 
when we collected spatial replicates within each wetland to assess variance, only mean values 
are presented. The dotted line indicates the grand mean among all wetlands and years. (B) 
Ambient corticosterone detected in six wetlands sampled at five points evenly around the 
perimeter in 2019. Green asterisks indicate means (+/– 95% confidence intervals) within each 
wetland.   
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Figure 3. Probability of detecting a negative corticosterone release rate (pg/h) increased with 
increasing ambient corticosterone (pg/ml) for chorus frogs (A; baseline and B; stress-induced 
corticosterone) and tiger salamanders (C; stress-induced corticosterone).  
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Figure 4. Waterborne baseline corticosterone (pg/h; natural-log transformed) was not associated 
with interrenal corticosterone (pg/mg; natural-log transformed) for tiger salamanders (A) or 
leopard frogs (B), but baseline corticosterone was negatively correlated with interrenal 
corticosterone for chorus frogs (C).  
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Figure 5. Mean (+/– 95% confidence intervals) baseline (A, B, and C) and stress-induced 
corticosterone (pg/h; D, E, and F) of larval tiger salamanders (A and D), leopard frogs (B and E), 
and chorus frogs (C and F) exposed to a gradient of salinity (mg/L Cl). Only mean stress-induced 
corticosterone of leopard frogs increased with increasing salinity. Baseline and stress-induced 




SUPPLEMENTARY MATERIALS I 
METHODS 
 
Analytical validation of EIAs  
We pooled 150 µL of each interrenal sample or 100 µL of each baseline waterborne 
hormone sample separately per species to assess parallelism and recovery. We assessed 
parallelism with a linear regression of percent CORT bound against pg/ml concentrations for 
eight serial dilutions of the standard curve (~ 1:1–1:610) and five serial dilutions of each pooled 
sample (1:1–1:16). Dilution curves (waterborne and interrenal gland samples for each species) 
were parallel to the standard curve (comparison of slopes, F < 2.94 and p > 0.120). For 
quantitative recovery, we ran unmanipulated pooled samples (for each species and type) and 
spiked five aliquots of each pooled sample with one of five EIA standards. We were unable to 
assess quantitative recovery for chorus frog interrenal samples because of limited pooled-sample 
volume. We used linear regression to assess linearity of observed and expected values. Expected 
and observed values were linear for each comparison (p < 0.001 and R2 > 0.984; Supplementary 
Table 1). Recovery was calculated by dividing observed by expected concentrations and 
minimum recovery ranged from 79–128%. Sensitivity of plates ranged from 8.81–42.95 pg/ml 
and all samples had higher concentrations than sensitivity of respective plates. We included 
positive controls in each of 16 EIA plates to assess inter- and intra-assay variation. Mean intra-
assay variation was 9.52% (95% confidence interval [95% CI] = 7.76–11.29%) and inter-assay 





Table S1.1. Summary statistics describing quantitative recovery of waterborne (“Water”) and 
interrenal gland (“Interrenal”) corticosterone samples for each species. Recovery is calculated as 
observed divided by expected values and minimum recovery for each comparison is presented. 
Quantitative recovery of interrenal corticosterone samples of chorus frogs was not determined 
(ND) because of limited sample volumes. 
 
Species Type df F p R2 Recovery 
Tiger salamander Water 1,3 630.9 < 0.001 0.994 0.992 
 Interrenal 1,3 604.1 < 0.001 0.993 0.794 
Leopard frog Water 1,3 241.1 < 0.001 0.984 1.014 
 Interrenal 1,3 522.5 < 0.001 0.992 0.879 
Chorus frog Water 1,3 613.6 < 0.001 0.993 1.277 




Table S1.2. Summary statistics for F-tests of univariate linear mixed models investigating the 
influence of abiotic and biotic variables on ambient corticosterone (“Ambient”) or coefficient of 
variance of ambient corticosterone (“Variance”) detected in wetlands in Montana and North 
Dakota, USA. “Site”, “Year”, and “Wetland size” are categorical variables and all others are 
continuous.  
 
Type Variable df F p 
Ambient Average baseline corticosterone 1,17 0.005 0.946 
 Average stress-induced corticosterone 1,8 0.007 0.935 
 Salinity 1,23 0.529 0.486 
 Estimated amphibian density 1,23 0.318 0.586 
 Estimated area 1,23 0.147 0.710 
 Percent shallows 1,23 0.023 0.883 
 Site 14,10 1.521 0.255 
 Specific conductivity 1,23 0.799 0.395 
 Year 2,22 1.415 0.298 
Variance Salinity 1,4 0.590 0.485 
 Percent shallows 1,4 1.505 0.287 
 Estimated area 1,4 2.161 0.216 
 Max depth 1,4 1.138 0.346 
 Perimeter 1,4 2.789 0.237 




Table S1.3. Summary statistics (β and standard error [SE] in logit scale) from generalized linear 
mixed models investigating relationships between probability of detecting a negative 
corticosterone release rate (pg/h; baseline or stress-induced) and ambient corticosterone (pg/ml) 
for each amphibian species. Relationships were not determined (ND) for stress-induced 
corticosterone of leopard frogs because no larvae had negative stress-induced release rates.  
 
Species Measure Variable β SE z p 
Tiger salamander Baseline Intercept -4.216 2.811 -1.50 0.134 
  Ambient CORT 0.001 0.002 0.76 0.450 
 Stress-induced Intercept -5.766 2.653 -2.17 0.030 
  Ambient CORT 0.003 0.002 1.93 0.053 
Leopard frog Baseline Intercept -0.342 2.415 -0.14 0.887 
  Ambient CORT -0.002 0.002 -0.77 0.441 
 Stress-induced Intercept ND ND ND ND 
  Ambient CORT ND ND ND ND 
Chorus frog Baseline Intercept -9.425 2.546 -3.70 < 0.001 
  Ambient CORT 0.005 0.001 3.60 < 0.001 
 Stress-induced Intercept -8.568 3.424 -2.50 0.012 
    Ambient CORT 0.004 0.002 2.41 0.016 
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Table S1.4. Top-ranked models for baseline and stress-induced corticosterone (CORT) release 
rates (pg/h) of tiger salamanders. Models are sorted by corrected Akaike information criterion 
(AICc) within each measure of CORT with log likelihood (Log lik.), difference in AICc from the 
best supported model (DAICc), and model weights (AICw). These models (i.e., those with AICw > 
0.001) were included in the top model set and multimodel inference.  
 
Measure Num. Model df Log lik. AICc DAICc AICw 
Baseline 1 Mass 5 16.39 -21.75 0.00 0.456 
 2 Salinity + Mass + Ambient CORT 7 18.28 -20.59 1.16 0.255 
 3 Salinity + Mass 6 16.41 -19.36 2.39 0.138 
 4 Salinity + Mass + Ambient CORT + Salinity ´ Mass 8 18.49 -18.41 3.34 0.086 
 5 Salinity + Mass + Salinity ´ Mass 7 16.93 -17.89 3.86 0.066 
Stress-induced 1 Mass 5 22.36 -33.06 0.00 0.574 
 2 Mass + Ambient CORT 6 22.59 -30.78 2.28 0.184 
 3 Salinity + Mass 6 22.38 -30.36 2.69 0.149 
 4 Salinity + Mass + Ambient CORT 7 22.61 -27.93 5.13 0.044 
 5 Salinity + Mass + Salinity ´ Mass 7 22.47 -27.65 5.41 0.038 
 6 Salinity + Mass + Ambient CORT + Salinity ´ Mass 8 22.70 -25.05 8.01 0.010 
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Table S1.5. Top-ranked models for baseline and stress-induced corticosterone (CORT) release 
rates (pg/h) of leopard frogs. Models are sorted by corrected Akaike information criterion (AICc) 
within each measure of CORT with log likelihood (Log lik.), difference in AICc from the best 
supported model (DAICc), and model weights (AICw). These models (i.e., those with AICw > 
0.001) were included in the top model set and multimodel inference. 
 
Measure Num. Model df Log lik. AICc DAICc AICw 
Baseline 1 Mass + Ambient CORT 6 -30.50 74.53 0.00 0.371 
 2 Mass 5 -31.85 74.76 0.23 0.330 
 3 Salinity + Mass 6 -31.58 76.69 2.16 0.126 
 4 Salinity + Mass + Ambient CORT 7 -30.45 76.98 2.45 0.109 
 5 Salinity + Mass + Salinity ´ Mass 7 -31.58 79.23 4.70 0.035 
 6 Salinity + Mass + Ambient CORT + Salinity ´ Mass 8 -30.44 79.60 5.07 0.029 
Stress-induced 1 Salinity + Mass 6 -13.19 41.17 0.00 0.736 
 2 Salinity + Mass + Salinity ´ Mass 7 -12.91 43.68 2.50 0.211 




Table S1.6. Top-ranked models for baseline and stress-induced corticosterone (CORT) release 
rates (pg/h) of chorus frogs. Models are sorted by corrected Akaike information criterion (AICc) 
within each measure of CORT with log likelihood (Log lik.), difference in AICc from the best 
supported model (DAICc), and model weights (AICw). These models (i.e., those with AICw > 
0.001) were included in the top model set and multimodel inference.  
 
Measure Num. Model df Log lik. AICc DAICc AICw 
Baseline 1 Mass + Ambient CORT 6 -11.42 37.05 0.00 0.530 
 2 Salinity + Mass + Ambient CORT 7 -11.37 39.77 2.72 0.136 
 3 Salinity + Mass + Ambient CORT + Salinity ´ Mass 8 -9.90 39.80 2.75 0.134 
 4 Mass 5 -14.66 40.85 3.80 0.079 
 5 Salinity + Mass 6 -14.09 42.38 5.33 0.037 
 6 Ambient CORT 5 -15.48 42.49 5.44 0.035 
 7 Salinity + Mass + Salinity ´ Mass 7 -12.82 42.66 5.61 0.032 
 8 Salinity + Ambient CORT 6 -15.45 45.11 8.06 0.009 
 9 (Intercept only) 4 -18.62 46.25 9.20 0.005 
 10 Salinity 5 -18.33 48.19 11.14 0.002 
Stress-induced 1 Salinity 5 -10.00 32.86 0.00 0.496 
 2 (Intercept only) 4 -12.02 33.85 1.00 0.301 
 3 Salinity + Mass 6 -9.96 36.12 3.26 0.097 
 4 Mass 5 -12.02 36.89 4.03 0.066 
 5 Salinity + Mass + Salinity ´ Mass 7 -9.01 37.92 5.06 0.039 
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Table S1.7. Summary statistics and model-averaged coefficients (β and SE in natural-log scale) 
for center and scaled predictor variables from linear mixed models for baseline corticosterone for 
each amphibian species. “Num. mod.” Is the number of top models that include that predictor 
variable, “Importance” is the proportions of models that contain that variable, “Adj. SE” is 
model-adjusted standard error.  
 
Species Variable Num. mod. Importance β Adj. SE z p 
Tiger Intercept 5 1.00 8.258 0.050 165.73 < 0.001 
salamander Mass 5 1.00 0.409 0.035 11.64 < 0.001 
 Salinity 4 0.80 -0.002 0.045 0.06 0.957 
 Ambient CORT 2 0.40 -0.027 0.044 0.61 0.540 
 Mass ´ Salinity 2 0.40 -0.007 0.028 0.24 0.808 
Leopard Intercept 6 1.00 8.458 0.106 79.86 < 0.001 
frog Mass 6 1.00 0.666 0.057 11.67 < 0.001 
 Salinity 4 0.67 -0.013 0.051 0.25 0.802 
 Ambient CORT 3 0.50 0.072 0.095 0.76 0.449 
 Mass ´ Salinity 2 0.33 -0.001 0.033 0.03 0.979 
Chorus Intercept 10 1.00 7.222 0.118 61.21 < 0.001 
frog Mass 6 0.60 0.127 0.056 2.26 0.024 
 Salinity 6 0.60 0.026 0.159 0.17 0.869 
 Ambient CORT 5 0.50 -0.291 0.216 1.35 0.178 
  Mass ´ Salinity 2 0.20 0.012 0.033 0.37 0.714 
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Table S1.8. Summary statistics and model-averaged coefficients (β and SE in natural-log scale) 
for center and scaled predictor variables from linear mixed models for stress-induced 
corticosterone for each amphibian species. “Num. mod.” Is the number of top models that 
include that predictor variable, “Importance” is the proportions of models that contain that 
variable, “Adj. SE” is model-adjusted standard error.  
 
Species Variable Num. mod. Importance β Adj. SE z p 
Tiger Intercept 6 1.00 8.119 0.071 114.78 < 0.001 
salamander Mass 6 1.00 0.389 0.034 11.51 < 0.001 
 Salinity 4 0.67 0.001 0.056 0.03 0.979 
 Ambient CORT 3 0.50 -0.012 0.059 0.20 0.840 
 Mass ´ Salinity 2 0.33 -0.001 0.008 0.08 0.933 
Leopard Intercept 3 1.00 8.799 0.076 115.96 < 0.001 
frog Mass 3 1.00 0.766 0.067 11.49 < 0.001 
 Salinity 2 0.67 0.281 0.095 2.97 0.003 
 Mass ´ Salinity 1 0.33 -0.022 0.081 0.27 0.789 
Chorus Intercept 5 1.00 7.473 0.160 46.59 < 0.001 
frog Mass 3 0.60 0.005 0.038 0.14 0.891 
 Salinity 3 0.60 0.196 0.581 0.34 0.736 
  Mass ´ Salinity 1 0.20 -0.004 0.023 0.16 0.874 
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SUPPLEMENTARY MATERIALS II  
Tables for Models Omitting Negative Release Rate Observations 
 
Table S2.1. Top-ranked models for three measures of corticosterone (CORT) release rates (pg/h; 
baseline, stress-induced, and CORT increase) of tiger salamanders. Models omit observations 
with negative release rates prior to corrections Models are sorted by corrected Akaike 
information criterion (AICc) within each measure of CORT with log likelihood (Log lik.), 
difference in AICc from the best supported model (DAICc), and model weights (AICw). These 
models (i.e., those with AICw > 0.001) were included in the top model set and multimodel 
inference.  
 
Measure Num. Model df Log lik. AICc DAICc AICw 
Baseline 1 Mass + Ambient CORT 6 14.38 -14.49 0.00 0.528 
 2 Salinity + Mass 6 13.64 -13.01 1.47 0.253 
 3 Salinity + Mass + Ambient CORT 7 14.39 -11.67 2.82 0.129 
 4 Salinity + Mass + Salinity ´ Mass 7 13.64 -10.18 4.31 0.061 
 5 Salinity + Mass + Ambient CORT + Salinity ´ Mass 8 14.39 -8.67 5.81 0.029 
Stress-induced 1 Mass 5 17.43 -21.52 0.00 0.697 
 2 Salinity + Mass 6 17.63 -18.33 3.19 0.141 
 3 Mass + Ambient CORT 6 17.48 -18.01 3.51 0.121 
 4 Salinity + Mass + Salinity ´ Mass 7 17.72 -14.44 7.08 0.020 
 5 Salinity + Mass + Ambient CORT 7 17.64 -14.27 7.25 0.019 




Table 2.2. Top-ranked models for three measures of corticosterone (CORT) release rates (pg/h; 
baseline, stress-induced, and CORT increase) of leopard frogs. Models omit observations with 
negative release rates prior to corrections. Models are sorted by corrected Akaike information 
criterion (AICc) within each measure of CORT with log likelihood (Log lik.), difference in AICc 
from the best supported model (DAICc), and model weights (AICw). These models (i.e., those 
with AICw > 0.001) were included in the top model set and multimodel inference.  
 
Measure Num. Model df Log lik. AICc DAICc AICw 
Baseline 1 Mass 5 -23.08 57.37 0.00 0.480 
 2 Mass + Ambient CORT 6 -22.54 58.79 1.43 0.235 
 3 Salinity + Mass 6 -23.06 59.83 2.47 0.140 
 4 Salinity + Mass + Ambient CORT 7 -22.41 61.15 3.78 0.073 
 5 Salinity + Mass + Salinity ´ Mass 7 -22.87 62.08 4.71 0.046 
 6 Salinity + Mass + Ambient CORT + Salinity ´ Mass 8 -22.06 63.18 5.82 0.026 
Stress-induced 1 Salinity + Mass 6 -12.58 40.16 0.00 0.731 
 2 Salinity + Mass + Salinity ´ Mass 7 -12.23 42.61 2.45 0.215 




Table 2.3. Top-ranked models for three measures of corticosterone (CORT) release rates (pg/h; 
baseline, stress-induced, and CORT increase) of chorus frogs. Models omit observations with 
negative release rates prior to corrections. Models are sorted by corrected Akaike information 
criterion (AICc) within each measure of CORT with log likelihood (Log lik.), difference in AICc 
from the best supported model (DAICc), and model weights (AICw). These models (i.e., those 
with AICw > 0.001) were included in the top model set and multimodel inference.  
 
Measure Num. Model df Log lik. AICc DAICc AICw 
Baseline 1 Salinity + Mass + Ambient CORT 7 -2.11 22.37 0.00 0.345 
 2 Salinity + Mass + Ambient CORT + Salinity ´ Mass 8 -0.70 22.95 0.57 0.259 
 3 Mass 5 -5.94 23.96 1.59 0.156 
 4 Salinity + Mass + Salinity ´ Mass 7 -3.64 25.43 3.06 0.075 
 5 Salinity + Mass 6 -5.26 25.52 3.14 0.072 
 6 Mass + Ambient CORT 6 -5.64 26.27 3.90 0.049 
 7 (Intercept only) 4 -9.59 28.51 6.14 0.016 
 8 Ambient CORT 5 -8.48 29.02 6.65 0.012 
 9 Salinity + Ambient CORT 6 -7.09 29.18 6.80 0.011 
 10 Salinity 5 -9.52 31.12 8.74 0.004 
Stress-induced 1 Salinity 4 -3.98 19.04 0.00 0.797 
 2 Salinity + Mass 5 -3.98 22.96 3.92 0.112 
 3 (Intercept only) 3 -8.37 24.45 5.42 0.053 
 4 Salinity + Mass + Salinity ´ Mass 6 -3.07 25.77 6.73 0.028 
 5 Mass 4 -8.32 27.71 8.67 0.010 
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Table 2.4. Summary statistics and model-averaged coefficients (β and SE in natural-log scale) 
for center and scaled predictor variables from linear mixed models for baseline corticosterone for 
each amphibian species. Models omit observations with negative release rates prior to 
corrections. “Num. mod.” Is the number of top models that include that predictor variable, 
“Importance” is the proportions of models that contain that variable, “Adj. SE” is model-adjusted 
standard error. 
 
Species Variable Num. mod. Importance β Adj. SE z p 
Tiger Intercept 5 1.00 8.374 0.054 154.09 < 0.001 
salamander Mass 5 1.00 0.347 0.045 7.64 < 0.001 
 Salinity 4 0.80 0.007 0.046 0.15 0.878 
 Ambient CORT 3 0.50 -0.038 0.047 0.81 0.416 
 Mass ´ Salinity 2 0.40 -0.001 0.022 0.02 0.981 
Leopard Intercept 6 1.00 8.583 0.116 73.95 < 0.001 
frog Mass 6 1.00 0.622 0.058 10.74 < 0.001 
 Salinity 4 0.67 -0.002 0.065 0.03 0.977 
 Ambient CORT 3 0.50 0.033 0.072 0.46 0.644 
 Mass ´ Salinity 2 0.33 -0.016 0.108 0.15 0.883 
Chorus Intercept 10 1.00 7.433 0.060 123.18 < 0.001 
frog Mass 6 0.60 0.144 0.060 2.40 0.016 
 Salinity 6 0.60 0.124 0.320 0.39 0.698 
 Ambient CORT 5 0.50 0.092 0.295 0.31 0.754 




Table 2.5. Summary statistics and model-averaged coefficients (β and SE in natural-log scale) 
for center and scaled predictor variables from linear mixed models for stress-induced 
corticosterone for each amphibian species. Models omit observations with negative release rates 
prior to corrections. “Num. mod.” Is the number of top models that include that predictor 
variable, “Importance” is the proportions of models that contain that variable, “Adj. SE” is 
model-adjusted standard error. 
 
Species Variable Num. mod. Importance β Adj. SE z p 
Tiger Intercept 6 1.00 8.222 0.054 151.43 < 0.001 
salamander Mass 6 1.00 0.303 0.036 8.34 < 0.001 
 Salinity 4 0.67 -0.007 0.047 0.14 0.887 
 Ambient CORT 3 0.50 0.002 0.039 0.05 0.957 
 Mass ´ Salinity 2 0.33 -4.22E-04 0.007 0.06 0.950 
Leopard Intercept 3 1.00 8.874 0.078 113.85 < 0.001 
frog Mass 3 1.00 0.715 0.069 10.36 < 0.001 
 Salinity 2 0.67 0.286 0.096 2.97 0.003 
 Mass ´ Salinity 1 0.33 -0.024 0.084 0.29 0.771 
Chorus Intercept 5 1.00 7.681 0.083 92.06 < 0.001 
frog Mass 3 0.60 0.001 0.037 0.03 0.974 
 Salinity 3 0.60 0.231 0.102 2.27 0.023 
  Mass ´ Salinity 1 0.20 -0.003 0.025 0.13 0.901 
 
 
